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1.0 SUMMARY AND CONCLUSIONS 


1 . 1 SUMMARY OF RESULTS 

Twelve fundamental rub interaction tests using compressor blade/sliroud materials (titanium 
blades and Feltmetal® fibermetal rubstrips) were instrumented and run under simulated 
engine conditions. The first 10 tests were statistically planned. The eleventh was run as a 
repeat of test 6, a test in which the rub speed dropped to zero prior to completion of the 
test. Test 12 was chosen, using linear regression and correlation analysis, to provide addi- 
tional test data in a region of high rub energy and severe wear. 

The tests were conducted with single stationary blades rubbing against seal material bonded 
to rotating test disks. The instantaneous rub torque, speed, incursion rate and blade temper- 
atures were continuously measured and recorded. Incursion rate, rub depth, abradable density, 
blade thickness and rub velocity were varied to simulate engine compressor rub conditions. 
Data was obtained to determine the effect these rub parameters have on rub energy and heat 
split between the blade, rubstrip and rub debris. A statistical linear regression analysis was 
used to determine the relationship of the rub parameters to such dependent variables as 
total rub energy, heat to the blade, interface temperature and blade wear/transfer. All cor- 
relations were determined to be significant with total rub energy being the most, blade heating 
in the middle and blade temperature and wear the least significant. Each independent variable 
was also ranked as to its significance. Incursion rate was determined to have the strongest 
influence on the rub phenomenon, followed by rub velocity and blade thickness which are 
substantially lower in influence but still show a significant effect. Incursion depth and abrad- 
able density were found to have minimal influence on rub energy and blade heating, temper- 
ature and wear. 

Observations and measurements of the first twelve tests indicated the strong influence of 
incursion rate. The rub modes ranged from clean rubs with very low rub energy, relatively 
low blade tip temperatures and low blade wear for the 0.0025 mm per second incursion rate 
to high rub energy, extreme blade tip temperatures and high blade wear and/or seal material 
transfer for the 0.25 mm per second incursion rate. At the intermediate incursion rate 
(0.025 mm per second) blade wear was low but transfer occurred. 

Rub velocity, a less significant variable, had its strongest effect on interface temperature 
which was noted to be 320°K higher by the regression analysis at the lower rub velocity. 
Blade wear and transfer also showed a corresponding increase as the rub velocity was decreased 
from 213 to 152 mps. 

Blade thickness proved to be of the same order of importance as rub velocity, its strongest 
effect being on rub energy terms which increased with increased blade thickness. 

Both incursion depth and abradable density produced no significant effects on rub energy 
or interface temperature but an apparent increase in blade wear plus transfer was observed 
for the higher density abradable. 


A high degree of confidence in the data was realized from the statistical analysis of the first 
twelve tests. This left the final five programmed tests to extend the range of investigation to 
determine the effect of a change in blade material and the addition of blades for multiple 
blade testing. 

Three nickel base alloy (Incoloy 901) blade tests were conducted. The major difference 
between the Incoloy 901 and titanium testing was the interface temperature which was con- 
siderably lower for the Incoloy 901. This is reasonable because the softening or reduced 
strength temperature for Incoloy 901 is much less than for titanium. This limited testing 
indicated that blade material does not have a significant effect on blade wear. Tlie testing 
also indicated that blade material does not have an effect on the transfer phenomenon. 

The tests with multiple blades did not reduce the work per blade and did increase the rub 
energy of the system. Both the thin and thick blades did not produce the blade wear redi'ic- 
tion expected ; the wear for each thicker blade, in fact, was three times that for the single 
blade in a comparative test. It was noted that the close blade spacing prevented abradable 
cooling between rubs resulting in continuous rubbing of all blades and intensification of 
the heating effects. 

1.2 CONCLUSIONS 

This program was designed to investigate the rub phenomenon associated with a com- 
pressor blade/seat system subjected to simulated engine conditions. The testing conducted 
provided the following conclusions: 

• Statistical test planning and analysis of the data was very successful. 

• All statistical correlations to determine theniain linear effects were determined 
to be significant. The ranking of the importance of each individual independent 
variable is: 

• incursion rate -- very important 

• rub velocity — moderate importance 

• blade tliickness — moderate importance 

• incursion depth — low importance 

• abradable density — low importance 

• Incursion rate, the most important variable, increased rub energy and blade 
wear with increasing values of incursion rate. 

• Statistical analysis of the interactive effects of two combined variables did not 
reveal any significant relationships. 
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Three distinct rub modes were identified. 


• A low energy, low blade wear mode which occurred at low incursion rates. 

• Transfer of seal material to the blade tips which occurred at moderate and high 
incursion rates. 

• A high rub energy, high wear rate rub mode which predominated under com- 
bined high incursion rate, low rub velocity and thick blades. 

Testing indicated that blade material does not have a significant effect on blade 
wear for the blade materials tested. 

Testing revealed no effect of blade material on the transfer phenomenon. 

Testing with multiple blades did not greatly reduce the work per blade and did 
increase the rub energy of the system. Close blade spacing was noted to prevent 
abradable cooling between rubs resulting in the abnormal event of all blades con- 
tinuously rubbing and intensification of the heating effects. 


2.0 RECOMMENDATIONS 


The systematic testing completed in the present program has provided a sound foundation 
for additional testing to further investigate compressor seal rub phenomena. Several different 
rub modes have been identified including a low rub energy clean cutting mode, a high rub 
energy mode with transfer of abradable material to the blade and some seal surface densifi- 
cation and a high rub energy mode with high blade wear, high interface temperatures and 
substantial seal surface densification and glazing. Although rub conditions required to pro- 
duce each of these rub modes were identified further work is required to determine how the 
various independent rub parameters influence the transition from one rub mode to another 
so that the causes of high energy rub phenomena can be understood and controlled. 

Testing with multiple blades produced the unexpected result that high rub energy was not 
eliminated when more blades were provided to reduce the cutting effect required for each 
blade. While this result was attributed, in these tests, to dose blade spacing which prevented 
cooldown of the seal surface between rubs, additional work is needed to determine the effect 
of blade spacing and multiple blade rubbing on the rub energetics. 

In order to focus on the numerous geometric and rate related rub variables, the testing con- 
ducted in this program was limited to one compressor abradable material. Future work 
should extend the range of investigation to other abradables. Both advanced sprayed abrad- 
ables and current competitive high pressure compressor abradables should be considered for 
such work. 

Development of low rub energy abradable seal systems remains a key to achievement of 
improved compressor performance goals for future engines and a means of improving the 
initial performance and reducing its deterioration in current generation engines. The per- 
formance of high pressure ratio machines, which will be required to meet the nation’s energy 
efficient engine objectives, will be even more sensitive to maintenance of tight compressor 
blade tip seal clearances than that of current generation engines. For this reason the disci- 
plined approach to development of improved compressor blade tip sealing which has been 
initiated in this program must be continued to assure that superior abradable seal systems 
are available as they are needed. 
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3.0 INTRODUCTION 

piith seaMng is a critical factor in gas turbine engine performance and fuel consumption. 
As the engine cycle has moved toward higher compressor pressure ratios, blade tip clearance 
hi the high pressure compressor has become an area of increasing concern (references 1 and 2). 
If the detrimentai effects of tip leakage are to be minimized, engines must be able to operate 
with minimum tip clearance at all flight conditions while avoiding interference between 
Isladetip and shroud through all engine transients. Additionally, the engine must be designed 
io successfully withstand blade tip/shroud rubs resulting from maneuver and surge deflections. 
Since the clearance increase produced by rubbing wear will be minimized if the wear occurs 
prereiciitially on the shroud with negligible wear on the blade tips, static shrouds in modern 
gas turbine engines incorporate surface layers of abradable materials. 

Abradable materials which will yield minimum wear of blade tip and labyrinth seals have 
been the object of extensive and continuing effort at Pratt & Wliitney Aircraft (references 
3 and 4). Efforts to date have provided some answers for the overall rub mechanics question 
(references 5 and 6) but the formulation of a rub mechanics model for compressor blade 
tips against the various current and advanced compressor abradables has not been fully 
addressed. To establish Such a model for use in setting abradability criteria and goals for 
advanced compressor abradables, rub energy and heat split data are required from controlled 
testing of the major variables. The program was designed to investigate the rub mechanics of 
compressor abradable blade tip seals for a range of rub conditions representative of actual 
flight engine service occurrences. 

3.1 BACKGROUND 

The purpose of compressor tip seals is to minimize the leakage air across tlie blade tips from 
the pressure to the suction side of the blades. Such leakage results in irrecoverable losses 
which translate into compressor efficiency loss. Since an aerodynamically smooth surface is 
needed for the compressor endwall, tip sealing is accomplished by maintaining a minimum 
clearance between the blade tip and the opposing shroud. Beyond the tolerance limitations 
inherent in various fabrication and assembly procedures there are a number of factors which 
lead to compressor tip clearance variations during engine operation. These are maneuver 
and landing g-loads, rotor and stator deflection during off-design engine operation (e.g. surge- 
induced deflection), thermal transient mismatch between rotating and static sea! components, 
rotor whirl, engine case distortion due to engine mount loads and structural vibration and 
instability. For engines which are built with initially tight tip clearances these effects result 
in rubbing between the blade tips and shroud which produces wear of the blades or the 
shroud or both, with an attendant increase in tip clearance. Shrouds that are truly abradable 
result in localized shroud wear, rather than full circumferential blade wear, and thus result 
in a minimum increase in tip leakage due to rub interactions. The abradables used in cur- 
rent engines only partially meet this objective. The resulting blade wear has not only produced 
immediate losses in engine performance but has become a major cost factor in engine over- 
haul since worn blades must be replaced in order to restore a compressor to its original 
efficiency and flow capacity. 
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The primary objective for an abradable material is that it be readily removable by the 
rubbing action of the compressor blades. Since it is advantageous for blade tip thickness to 
be minimized for aerodynamic performance and for the blade material to be dictated by 
overall structural requirements, acceptable abradability requires achievement of a low density, 
preferably friable seal material. Unfortunately, this objective is in opposition to the other 
two major design considerations, erosion resistance and high temperature stability. The 
material choice for all abradable systems must provide an effective trade between dura- 
bility and abradability, taking into account the engine rub history and operating environment 
— temperature, pressure, flow field, erosion climate and the time factor. Other factors which 
must be considered in the design of abradable blade tip seals include minimum cost, field 
refurbishment capability, a rotor/stator thermal response match and minimum weight. 

Various material systems have been investigated for use as compressor abradables. For the 
high pressure stages of engine compression systems the oxidation or chemical stability limits 
of the material are important. To meet the more severe environment metallic seal systems 
are required. Use of such systems with conventional titanium and nickel base blade materials 
considerably aggravates one of the wear problems — that of softening and wearing of the 
compressor blade tips due to rub energy dissipation. The approach used for current generation 
high pressure compressor abradables has been to use oxidation resistant metals fabricated 
to form low strength bodies. The most successful systems have been formed by sintering 
metallic fibers or powders into porous structures which can be brazed to a compressor case 
or seal ring. 

For porous metallic seal systems the desired material removal mechanism is fracture of the 
bonds between particles or fibers. In current seal systems this objective is only partially met. 
When bonds are not broken by the rub forces, the resulting deformation of the structure 
produces an increase in the heat generation within a very thin plastically deformed layer at 
the abradable surface. Subsequent blade interactions, in the form of high frequency loading 
and unloading, fatigue the smoothened seal surface developing both surface and underlying 
cracks, eventually flaking off sections of the thin surface layer. Under some circumstances 
repeated rubbing does not remove material, resulting in a further increase in surface densifi- 
cation and heat generation with attendant glazing. While substantial progress in improved 
abradability has been achieved by lowering the strength of the structure and improving its 
uniformity, consistent with maintaining the required erosion resistance, there is still ample 
impetus for continued development. To meet this need, development of a correlation which 
will define the boundaries between regions of favorable and unfavorable rub mechanisms is 
required. The problems which must be overcome are seen to vary with the different condi- 
tions and different materials used. In each case, however, rub induced problems are present 
which could be attacked with a suitable analytical model of the rub process. The key aspect 
of the problem is the rub energy. It has been observed that small variations in rubparameters 
can lead to large differences in rub energy 'dissipation. Rub energy is consequently an excel- 
lent measure of the mode of wear and an indicator of incipient change from one wear 
mechanism to another. The testing conducted in this program concentrated on measuring 
and providing rub energies, interface temperature and wear. 
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3.2 


PROGRAM OVERVIEW 


Because of the lack of an cstabU.she<.l criterion for the optimization of abradable seal systems 
for rub tolerance the extensive on-going abradable seal development programs being pursued 
by engine manufacturers and tlieir suppliei-s must be guided by purely (iiuvlitative rub toler- 
ance judgements and the re, suits of comparative tests in rigs and engines. Crucial to the 
development of a suitable criterion is tim requirement for rub energy data including heat 
splits to the bladcj shroud and wear debris and interface temperatures under controlled rub 
conditions. Application of such data to thermal rub models is required to validate the model 
and identify areas for additional work. 

Recent efforts at P&WA hayo established techniques for measurement of rub energy and 
blade temperature response under simulated engine tip seal rubbing conditions and tor 
analysis of data to determine heat splits and interface temperatures. This program applied 
these techniques in measuring rub energies over a range of rub conditions, geometry variation 
and blade material variations. Data from the tests was analyzed for rub energy, heat splits 
and interface temperature and statistical analysis was completed to establish linear and 
interactive effects of the independent variables on rub energy and wear parametei-s. Metal- 
lographic analysis was conducted to identify microstruetural changes on the rubbed surfaces, 
and shroud and blade wear measurements were taken. 


In the initial series of tests a range of test eonditions ineliKling variations of rub velocity, 
incursion rate, incursion depth, blade thickness and abradable density was Investigated using 
a reference abradable and a single titanium blade. A statistical test plan employing twelve 
tests was used to permit establishment of the linear effect of each variable plus interactive 
effects between the critical variables on rub energy and wean Based on the results of the 
initial tests, test conditions were established tor a second series of tests in which the effects 
of nudtiple blades and an additional blade material were investigated. 



4.0 TECHNICAL PROGRAM 


4.1 TEST CONFIGURATION 

In engine applications abradable seal rubs generally occur as a result of radial deflection of 
the structure due to loads induced by such effects as aircraft maneuvers, gusts and gyros or 
as a result of radial growth of rotor structure due to dynamic and thermal effects. In com- 
pressor blade tip seal applications rubbing speeds of 244 m/sec (800 ft/sec) are typical. 
Incursion rates which vary depending upon the source of the deflection, range from about 
.0025 mm/sec (0.1 mils/sec) to 0.25 mm/sec (10 mils/sec). While small variations in blade 
length generally cause only part of the blades in any one stage to rub simultaneously, with 
metallic abradables blade wear usually brings most or all of the blades in contact with 
the slrroud sometime during the life of the engine. Spacing between actively rubbing blades 
therefore typically varies from about 25 mm (1 inch) which is typical of the circumferential 
distance between adjacent blades, up to 400 to 500 mm (1 5 to 20 inches). Rub length on 
the sliroud varies from a few centimeters to the full circumference depending on the type 
and severity of the rub-producing effect. Other factors such as environmental conditions, 
blade tip geometry and abradable and blade material properties also influence the behavior 
of the system under rubbing conditions. 

In establishing an experimental facility to investigate engine rub phenomena, it was desired 
to model as many of these factors as possible. Because of cost factors it was desirable to work 
in a small scale rig. Comparative testing in small scale rigs and full scale rigs and engines was 
used to substantiate that rig size does not have a significant effect on the controlling rub 
phenomena. Environmental conditions which are often costly to reproduce in a rig appear 
to be of secondary importance except for the effect of temperature on material properties. 
For compressor seal rubbing, however, rub energy is often the dominant effect in determin- 
ing the temperature in the rub zone so that ambient testing is justified for initial studies of 
compressor seal rub energetics. The remaining variables of known importance can all be 
simulated in the P&WA small scale abradability test rig facilities. A photograph of the rig used 
m this program is shown in Figure 1 and a schematic of the rig is shown in Figure 2. 

In this rig the rotating disk is driven by an air turbine to atfeeve the desired rub velocities. 
Both governed operation, in wliich air flow to the turbine is controlled automatically by a 
speed controller to maintain constant wheel speed, and ungoverned operation, in which air 
supply pressure to the drive turbine is controlled by the operator, are available. Because the 
in-line torque meter can be damaged if excessive torque is delivered by the turbine, tests in 
which the meter is employed are generally run ungoverned. 
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The stationary test piece is mounted on a carriage wiiich is supported on two rails by low 
friction bearings and wliich is driven toward the rotating disk by a pulley and weight system. 
Controlled incursion rates are acliieved with a variable motor micrometer-feed system wliich 
acts to restrain the motion of the carriage. A load cell is incorporated in series with the 
micrometer-feed system to measure load; the normal rub force being the difference between 
the force of the carriage drive weights (generally 1 1 1 N (25 lbs.)) and the reading of the load 
cell. In order to achieve accurate control of the incursion depth and to prevent “spark-out” 
rubbing at the end of a test, which tends to alter the metallographic data on the rub surfaces, 
an automatic carriage withdrawal system was incorporated in the rig. The withdrawal force 
is provided by a pneumatic piston. Actuation of the piston is controlled by a limit switch 
which is adjustable to carriage position. 

The standard test utilizes a static rubstrip segment wliich is translated at a controlled rate into 
a bladed rotor held at a constant surface speed. The rub occurs as a series of intermittent 
pulses as each blade contacts the shroud and, because of the high wheel speed and relatively 
short rub length, the duration of each rub is on the order of 10'^ seconds. This situation 
makes energy measurements, specifically force and blade temperatures, very difficult to 
obtain. To overcome these problems the basic rig setup for rub energy testing has been 
inverted. The rubstrip material is applied as a coating on the rim of a rotating disk and the 
blade or blades are affixed to a stationary holder which is translated at a controlled rate into 
the rotating disk to obtain the incursion rate desired. The rig disk designed for tliis contract 
included eight inserts equally spaced around the periphery of the disk to permit a shroud 
specimen at any of the insert locations to be removed for detailed metallographic analysis 
and replaced with new shroud material without sacrificing the entire disk. 

Initial testing at P&WA with the inverted blade/disk setup utilized nickel graphite flame 
sprayed on the disk rim, as the abradable shroud material. Inconsistencies inherent in 
sprayed nickel graphite prompted a change to a sintered product to obtain more uniformity 
of density and tensile strength throughout the abradable material. Feltmetal® fibermetal 
was chosen because of its widespread use as an abradable shroud material in current engine 
high pressure compressors. 

4.2 MEASUREMENT OF RUB ENERGY 

The primary information desired from the tests is the total energy dissipated by rub, the 
energy Split between the shroud abradable/blade/wear debris and the interface temperature. 
The methods employed to determine each of these quantities are discussed in the following 
paragraphs. 

4.2.1 Total Rub Energy 

The total energy at the rub zone is equal to the power expended in the rub zone. Although 
a small percentage (~1 — 4%) of the expended power is stored as elastic energy around dis- 
locations newly generated by the rub, a compensating percentage of energy is drained from 
the lattice structure in the rub zone by thermal strains associated with the original mechanical 
heat dissipation. Thus, the total heat into the rub zone can be represented by 
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q total (t) = X co 


( 1 ) 


where; q total(t)is the total heat load on the rub zone 
TjuIj is the rub torque 

CO is the rotational speed 

The rub torque is determined by a rotational equilibrium balance (see Figure 3) as follows: 
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Since an accurate measurement of angular acceleration (dco/dt) was not feasible, and the 
measured torque is not an extremely high frequency measurement, but a time averaged value, 
time averaging over a small time (At) was used, resulting in the following: 
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where : q total 


is the time average of the total heat load on the rub 
zone over a time increment At; 


T turbine ts the torque exerted on the disk by the turbine; 


windage is ihe frictional resistance torque; 
+ friction 


is the rotational inertia 
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To evaluate the first term of the total heat load expression was measured with an 

optical torquemeter and recorded as a continuous trace on the oscillograph. Speed (cc) was 
sampled by an electronic counter system at small time increments (At) chosen small enough 
to insure a smooth curve of total heat load on the rub zone vs. time. The second term, bearing 
and windage frictional resistance, was determined by setting Qtotal to (operation 
at a no rub condition) and measuring i"turbine ^ function of to. The third term includes 
/, the rotational inertia, which was calculated for the disk and the entire rotor system. 

The instrument used to measure the turbine torque was a Vibrac Corporation in-line optical 
transducer which provides the capability to measure rotational torque accurately without 
slip rings. The Vibrac torque transducer uses adjacent slotted disks to detect rotation of one 
end of the calibrated torque bar relative to the other. Torque bar twist alters the “window 
area” of the slotted disks set between lamps and photocells which develop an output current 
proportional to torque. 

In this unit the photocells operate the torque display meter directly thus eliminating any 
electronic amplification. In addition, the optical coupling between moving and stationary 
components requires no slip rings or AC carrier techniques to produce a signal. The partic- 
ular model used was developed specifically for the P&WA seal rigs. This meter has a range 
of minus 1.13 Nm ( 1 0 in.-lb.) to plus 1.13 Nm with an accuracy of approximately ±0.01 1 Nm 
and a frequency response of 400 Hz. This response and the 40 Hz torsion natural frequency 
of the combined disk, shaft and torquemeter system were well in excess of the 1 0 Hz 
requirement for data reduction. Output of the torquemeter was fed into a conditioning 
circuit which allowed a continuous oscillograph trace of the torque. 

Having selected the optical torquemeter for turbine torque measurements, a system of 
obtaining angular speed variation was desired which would permit resolution of total heat 
load on the rub zone to the limits of the torquemeter. Using a magnetic speed pip system, 
already mounted inside the turbine drive to provide an electrical pulse at the end of every 
l/6th of a revolution of the disk, an electronic counter was selected which measured the 
time between ten speed pip pulses (1-2/3 revolutions of the disk). The counter, which used 
an internal frequency generator producing lO"^ Hz, together with a digital printer having a 
maximum printing speed of 10 lines/sec was used to record elapsed time between 1 0 speed 
pip pulses to 5 significant figures. The combined uncertainty in the speed measurement of 
this system was then ±.005% or ±1.5 rpm. For the minimum dwell time, as dictated by the 
printing speed, this translates to an error in total rub energy which is approximately one half 
the error caused by the uncertainty in measured turbine torque. 

The electronic counter provided a command to the printer to record a value following a 
pre-selected dwell time. The counter was modified such that this signal was also traced on 
the oscillograph as a square wave, thus providing for synchronization of the speed recordings 
with time and all the other measurements. 


4.2.2 filade Heating and Interface Temperature 

In order to determine the fraction of the rub energy going into the blade tip and the interface 
temperature as a function of time through the test, transient measurement of an array of 
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thermocouples was used in conjunction with a one dimensional conduction analysis of the 
blade. The thermocouple array consisted of six, 0.08 mm diameter platinum-platinum/ 10% 
rhodium thermocouples, located on the blade tip as shown in Figure 4. Although calibration 
of these thermocouples can be carried out up to 1920°K, titanium alloys with platinum at a 
lower temperature. Because of this each blade was first sputtered with a 0.05 mm thick layer 
of molybdenum to prevent alloying of the two materials. 

The thermocouple junctions were formed by laser welding, and then were resistance welded 
to the molybdenum layer. The 0.08 mm wires were routed down the length of the blade, off 
onto the blade holder, and then held in place with a layer of ceramic cement. Copper-Copper/ 
Nickel .extension wires were resistance welded to the 0.08 mm lead wires, and strapped 
down to the holder. They were then connected to a signal conditioning circuit which fed 
into the oscillograph for continuous recording during each test. 

4.2.3 Heat to Abradable and Wear Debris 

To provide an indication of the abradable material heat-up and temperature decay, optical 
pyrometers were focused at two positions on the disk O.D. ~ 30° from the rub zone, in 
the direction of disk rotation, and 180° from the rub zone. The optical pyrometer at the 
30° position was a silicon detector unit which has a low temperature threshold of 980°K. 
The pyrometer at the 180° position was a Vanzetti lead sulfide unit which has a threshold 
of 590°K. As noted in Table V, the silicon detector pyrometer was subsequently replaced 
by a Vanzetti lead sulfide detector unit with a 750°K threshold temperature when it was 
determined that the 980°K threshold was too high. The response time of the Vanzetti’s 
was 25 KHz. 


While it was not possible to measure the heat fraction to the wear debris directly, the inter- 
face temperatures determined for the blade and abradable were felt to be representative of 
the temperature of the debris leaving each surface. While oxidation of the wear debris is 
evident from the sparking which occurs during most tests, post-test analysis of the wear 
debris can provide some additional insight into the thermal energy carried in the rub debris. 

4.2.4 Supplementary Instrumentation 

Dynamic strain gages were used on three Task I, single bladed tests in order to obtain an 
indication of the number of rubs/revolution, and change with time of this quantity. Strain 
gages on each blade of the two Task III multi-bladed tests were intended to show, also, how 
often each of the blades rubbed. The 1 .6 mm wide gages were connected as close to the holder 
as possible, and then covered with ceramic cement, following routing of the thermocouple 
lead wires. Maximum response of the strain gages was limited by the response of the galva- 
nometers to 6000 Hz. 

A certified time code generator, capable of indicating time to O.OOl secs, was used as the 
reference time trace for each test. Its output was traced on the two oscillographs required 
for this testing, synchronizing one with the other. 
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4.2.5 Convective “li” Determination 


One of the independent variables required for determination of heat load to the blade is 
the average convective heat transfer coefficient for the air pumped over the blade by the 
rotating disk. Although some correlations of heat transfer coefficients are available in the 
literature for flow over bluff bodies in a constant velocity air-stream, the effect of the flow 
field produced by the disk and the effect of blade angle made use of these correlations 
questionable. Consequently, a simple experimental test to measure the average heat transfer 
coefficient over the blade was conducted. 


The basic test apparatus used consisted of an electrically heated blade specimen which was 
placed in the standard blade holder and mounted in the rig in close proximity to the disk 
rim. The blade specimen was fabricated from low conductivity material(Micarta®) to approx- 
imately the same dimensions as the thick test blades. A 0,08 mm thick nichrome foil heater 
strip was fabricated by EDM and bonded to the blade specimen as shown in Figure 5. The 
ends of the heater element which were routed around to the rear of the blade for connection 
to copper lead wires and insulated with zirconia cement were sized to minimize the heat 
conducted away from the face of the test specimen. A low voltage, high current A.C. 
variable power supply was used to control the electrical power to the heater. 


The power dissipated from the heater face was determined from an F R calculation, the 
current being measured with a shunt/millivoltmeter system in series with the heater element 
and the resistance being determined ahead of time with a wheatstone bridge circuit. Tem- 
perature measurement of the face of the heater element was made using an optical pyrometer, 
the emissivity of the heater surface being fixed by painting the strip with high tejnperature 
“black" paint. 


Testing to determine the heat transfer coefficient on the upstream face of the blade was 
carried out with the rig setup in the same manner as for the rub tests. Measurement of the 
heat transfer coefficient on the downstream face was made by riuming the drive turbine in 
reverse. 


Analysis of the data was performed using the equation: 


h 




where: h ~ average convective heat transfer coefficient 

I = current to strip 

R = resistance of strip (corrected for temperature) 

A = area witliin the perimeter of the strip 

Tg= measured surface temperature 

Tji= measured ambient temp, in vicinity of strip 

U = overall heat loss conductance through blade to air at back surface of 
blade. 


13 


The heat loss conductance term which was kept small by the use of the low conductivity 
Micarta® blade material, was estimated using published values of Micarta® conductivity and 
approximate values of the back side heat transfer coefficient. Analysis of the data for both 
forward and reverse testing resulted in the smooth curve of average h vs disk speed shown 
in Figure 6. For multi-bladed tests, the h was found to be identical to single bladed tests. A 
photograph of this set-up is shown in Figure 7. 

4.3 STATISTICAL TEST MATRIX 

In this test program the independent variables were blade thickness, abradable density, rub 
velocity, rub depth and incursion rate. Each of these parameters were assigned two operation 
levels except the incursion rate which was assigned three levels. These levels reflect engine 
operating conditions in the compre.ssor and the blade/seal geometry variations in that area. 

A test program which would test all possible combinations of the five independent variables 
at the levels chosen would require at least 48 tests. Because of the large cost of conducting 
such a program, it was decided to employ statistical test planning techniques to minimize 
the number of tests required. With the objective of identifying the significant variables and 
establishing the linear main effects of the five independent variables on rub energy and wear, 
it was determined that eight tests were required. Two additional tests were included in the 
test matrix to determine the degree of repeatability over the range of the test conditions 
chosen. Variation in the repeatability of these two tests must be smaller than effects from 
changes in the significant independent variables to enable valid conclusions to be made from 
the data. The final two tests included in the fundamental rub interaction test program were 
chosen after the first ten tests were completed. The first of these, test 1 1 , was used to repli- 
cate test 6 of the statistical test matrix because excessive speed drop occurred during the 
original test and tire secotrd, test 12, was used to further explore a region of high rub energy 
in which ignition of the titanium blade was thought to have occurred during the ten-test 
series. Table I shows the test matrix for the first twelve tests. 

4.4 METHOD OF TEST 

Rub tests were conducted in accordance with the sequence and test conditions established 
in the statistically designed experiment. The Feltmetal® fibermetal specified for the test was 
cut to size, cleaned, primed and coated with epoxy. The accompanying disk O.D. seat surface 
was grit blasted, cleaned and primed. The fibermetal abradable was bonded to the disk, cured 
and final machined to obtain the correct abradable thickness, This assembly was balanced 
and installed in the dynamic abradability rig. The blade was processed as explained in 
section 4.2.2 to provide six high temperature, high response thermocouples on the back face 
of the blade. For tests requiring strain gages the gages were cemented to the base of the 
blade prior to cementing the thermocouple leads in place, The rub specimen was then inshilled 
in the rig mounting fixture and the lead wires connected to the conditioning circuits feeding 
the oscillograph. 

The start of the specified incursion depth was set by moving in the blade/holder/carriage 
assembly until the disk just touched the blade. The disk was then removed from the rig and 
carriage assembly was accurately moved in the specified incursion depth. With the carriage 
at this position the limit switch that triggers the pneumatic carriage withdrawal piston was 
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moved in until it Avouki be actuated by the carriage. TJiis setup ensured tfiat the scheduled 
interaction depth would be obtained. In the past this lias been difficult to achieve, especially 
for tests having high incui'Sion rates and shallow depths. 

A rheostat was used to control the drive motor for the carriage niicronieter-feed system to 
achieve the predetermined incursion rate. Calibration of the feed system was accomplished 
prior to each test using the oscillograph. A certified time code generator provided timing 
lines every 0.001 seconds on the oscillograph trace. The feed system was used to move the 
carriage assembly through the previously set incursion depth and the start and stop of mo- 
tion was indicated on the oscillograph by a displacement transducer. The liieostat was then 
adjusted to achieve drive motor speed required for the desired incursion rate. 

The disk was then bolted to the drive spindle and two optical pyrometers were mounted 
to view the disk abradable surface at the 30° and 180° positions after the rub zone. Each 
unit was positioned using an e.xternal light source to set the correct focal length. 

The timing inteiTal betw'een speed readings was set on the oscillograph using the time code 
generator. Selection of the timing mtei-val was made to obtain the optimum number of speed 
readings for each test. The speed reading intenads varied from 0.1 seconds to 2 seconds, 
corresponding to the test duration range of 2 seconds to 400 seconds. 

The debris catcher was set in place after all rig adjustments and calibrations were completed. 
The catcher consisted of a fiat plate coated with petroleum jelly in which the particles could 
easily penetrate and not be blown away by disk windage. Tliis form of particle entrapment 
could be easily transferred to Slides or filtered for size distribution analysis. 

A television camera and associated lighting was set up and connected to a video taperecording 
system to document each test. In addition, high speed motion pictures were taken for 
several selected tests. When the lighting requirements interferred with pyrometer response 
shielding wns provided, 

Just prior to test start a thorough pre-test check list was followed. All test instrumentation 
and settings were checked, including those required to operate the rig. The turbine air pres- 
sure was increased slowly to bring the disk to speed while the rig bearing system was moni- 
tored for temperature and vibration. After setting the test speed a wmdage plus friction 
resistive torque was measured. The test was then conducted following a set procedure and 
ended when the carriage was withdrawJi by tlie pneumatic piston, after which the rig was 
stopped. 

During initi:vl Task I testing the turbine drive system was set iji the ungoverned operation 
mode for the test in order to avoid over-torquingthe optical torquemeter. Prior to conducting 
test 6 this type of operation was satisfactory as the speed drop never exceeded 11.5%. 
During test 6, however, high rub torque was encountered which completely stalled the rotor 
near the end of the incursion. Since the observed rub torque at the desired test Speeds had 
always been substantially less than the 1.1 Nm torque meter limit, subsequent tests were 
programmed to be run governed to assure that test rub velocities would be maintained. 
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Operation of this rig has a particular windage plus friction resistive torque associated with 
each speed level. To accurately measure rub energy the value for this torque was required 
for each test speed. Prior to starting Task I testing a representative disk and blade assembly 
was operated in close proximity, without rubbing, over the applicable speed range. A wind- 
age plus friction torque vs. speed curve was generated and is shown in Figure 8. 

4.5 FUNDAMENTAL RUB INTERACTION TESTS 

Each of the twelve Task I Fundamental Rub Interaction Tests were conducted as described 
in Section 4.4. Subsequent to testing the magnetic tape TV records were reviewed, wear 
measurements Were taken on the blades and abradable material and the hardware was 
subjected to metallographic analysis. 

The review of the TV records produced a synopsis of the visual activity during each test 
as related below. After each test number title the test conditions are listed in an abbreviated 
form in the following sequence: incursion rate, rub velocity, blade thickness, rub depth, 
abradable density, and test duration. 

Test 1 (i = .25 mm/sec, V = 213 mps, b - 1.78 mm, 5 = 1.0 mm, p = 19% — 4 sec) 

An intense glow and shower of sparks was visible during the entire test. The glow and 
sparking was constant but did vary in intensity. The recorded blade temperature rose con- 
tinually through the test reaching a maximum of 1220°K. 

Test 2 (i = .0025 mm/sec, v = 213 mps, b = .53 mm, 5 = 0.5 mm, p = 19% — 3 min, 20 sec) 

Extremely light intermittent sparking and even more intermittent blade tip glowing was 
visible during the test. The peak blade temperatures were approximately 810®K for most of 
the test. Just prior to the end of the test, however, the intermittent temperature peak 
reached 11 15°K. 

Test 3 (i = .25 mm/sec, v = 152 mps, b = .56 mm, 6 = 0.5 mm, p = 1 6% — 2 sec) 

Blade tip glowing started almost immediately upon contact. The glow increased rapidly in 
intensity becoming so bright it masked over any sparking that occurred. The temperature 
recorded rose continuously reaching a maximum of 1420°K. 

Test 4 (i = .025 mm/sec, v = 213 mps, b = 1 .74 mm, 5 = 0.5 mm, p = 16% — 20 sec) 

Intermittent sparking that seemed to glow was visible from the test start. This condition 
continued for approximately 16 seconds into the test. At this time the sparking began 
glowing intensely but remaining intermittent for the remainder of the test. The maximum 
temperatures recorded by the blade thermocouples showed a peak of 920°K 5 seconds 
into the test, settled down to 700°K through the middle of the teist and, beginning at 15 
seconds into the test started rising, reaching 1 100°K just before the end of the test. 


16 


Test 5 (i = ,25 mm/sec, v =213 mps, b = 1 .74 ninij 5 = 1 ,0 nim, p = 19% - 4 sec) 


An intense glow with sparking was visible for the first half of the test, dying down to a very 
light glow and light sparking for the remainder. The highest recorded temperature of 1105°K 
occurred 0.6 seconds into the test, following which it dropped off to 935°K and then rose 
slowly to 990°K, at the end of the test. 

Test 6 (i = ,025 min/sec, v = 152 mps, b = .51 mm, 5 = 1 ,0 mm, p = 19% — 40 sec) 

Light sparking and light blade tip glowing were visible at the test start, remaining relatively 
constant but varying in intensity for the first 25 seconds. At that time the blade tip glow 
became very intense remaining at that level for 13 seconds. At that point the disk, wliich 
had been continuously decelerating throughout the test, stopped rotating altogether (38 
seconds into the 40 second test), The maximum recorded temperature was 1480°K. 

Test 7 (i==. 0025 mm/sec, v= 152 mps, b= 1,75 mm, 5= 1,0mm, p= 16% — 6min, 40 sec) 

No visible indication of a rub was evident until approximately 20 seconds into the test, at 
which time extremely light sparking was visible. At approximately one minute or 0,15 mm 
inches into tlie rub an intense glow was noted on the blade but there was no increase in the 
amount of sparking. This glowing occurred periodically, every 10 to 20 seconds, for the 
duration of the test as did the light sparking. The maximum recorded temperature during 
one of the intermittent peaks was 1 270°K. 

Test 8 (i = .25 mm/sec, v= 213 mps, b = .56 mm, 5 = 1.0 mm, p = 16% ~ 4 sec) 

A moderately intense glow with very little sparking was visible during the entire test. The 
glow grew in iji tensity for the first three seconds, then dying down for the last second. At 
the height of the glow, 1.3 seconds into the rub, tlie maximum temperature recorded was 
1180°K. 

Test 9 (i = ,25 mm/sec, v = 152 mps, b = 1,75 mm, 6 = .5 mm, p = 19% •- 2 sec) 

Sparking and glowing of the blade tip started immediately upon contact. The glowing increased 
in intensity very rapidly becoming so bright that it blotted out the blade and some of the 
adjacent disk. The recorded temperature began oscillating 1.2 seconds into the rub but con- 
tinued rising steadily to a maximum of 1690°K at the end of the test. 

Test 10 (i = .0025mm/sec, v = 213nips,b = 0.52mm, 5 = 0,5mm, p = 1 9% — 3 min, 20 sec) 

Sparking was extremely light and intermittent during the entire test. No blade tip glowing 
was noted. The maximum temperature recorded during an intermittent rub was 770°K. 

Test 11 (i = ,025 mm/sec, v = 152 mps, b = 0.56 mm, 5 = 1 .0 mm, p = 1 9% - 40 sec) 

Sparking, followed quickly by blade tip glowing was noted at the test start. The blade tip 
glow and Sparking reached a peak appro .xhiiately 2 seconds into the rub as the recorded blade 
temperature reached a maximum of 1055“K. For the remainder of the test intermittent blade 
tip glowing and sparking of slightly less intensity was noted. The maximum temperature 
recorded during the intermittent operation varied between 1000°K and 1035°K. 
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Test 12 (i = .25 mm/sec, v = 1 52 mps, b = 0.6 1 mm, 6 = 1 .0 mm, p = 1 9% — 4 sec) 

Very intense glowing and sparking was visible almost immediately upon contact, wavering 
slightly in intensity and lasting the entire test. The recorded temperature rose quickly to a 
maximum of 1700°K in 0.8 seconds and then oscillated rapidly, as low as 1370°K, the 
remainder of the test, 

4.5,1 Wear Analysis 

A shadow-graph technique, enlarging the seal or blade rub surface between 20X and SOX, 
was used to document post test seal and blade wear. In cases where the rub mechanism 
changed from a wear to transfer phenomenon, covering the entire blade tip, the original 
wear surface was located by dislodging a small area of transfer from the blade tip. Also, 
when necessary, the shadowgraph measurements were substantiated by sectioning and mount- 
ing the hardware for photomicrographs. In most transfer tests the transferred wear material 
was not evenly deposited on the blade tip in either the axial or circumferential direction. To 
account for this a representative section was taken through the 6.35 mm (.250 inch) blade 
width and the profile of the transfer height was measured and averaged. Photomicrographs 
of these cases were required because the shadowgraph technique identifies only the highest 
points of transfer. In many tests both the blade and seal rub surfaces were either rough, 
ridged or canted. These conditions required taking many measurements which were averaged. 

The basic blade and seal wear measurements for the Task I tests are summarized in Table II. 
Included in the table are “measured incursion”, which uses the measured values of seal and 
blade wear and transfer, and “carriage incursion”, which was determined from accurate 
time/carriage travel traces for the test. Comparing the two numbers shows that agreement 
was achieved to within 0,1 143 mm (0.0045 inches). This discrepancy can be accounted for 
by measurement errors and the identification of the exact time when rubbing began in each 
test. In particular, local high spots, which were used to set the test start point, were measured 
to be as much as 0.076 mm (0.003 inches) on some abradable rotors which accounts for a 
significant part of the discrepancy in some tests. 

Wear results for the Task I tests are summarized in Table III. The data are presented in terms 
of two parameters, “Adjusted Blade Wear Plus Transfer” and “Volume Wear Ratio”. The 
“adjusted blade wear” term normalizes all wear to a 0.508 mm (0,020 inch) thick blade 
based on volume of blade material lost and directly adds in the average height of transfer on 
the blade tip. This factor was selected to provide an all inclusive term which contained both 
blade wear and transfer, which reflected the overall severity of the rub and which would be 
useful as a dependent variable in the statistical analysis of the data. 

“Volume Wear Ratio” (VWR) has long been used as an indication of the abradability of a 
blade/ seal system; the smaller the number the more abradable the system. The Volume wear 
ratio is the volume of material worn off the blade tip during the rub divided by the volume 
of the seal material grooved out by the blade. Under ideal rub conditions the blade grooves 
the seal without glazing and the majority of wear occurs on the seal, resulting in a very low 
VWR. Under other operating conditions high rub energy results in localized plasticity at the 
rub interface which produces a thin glazing on the seal rub surface. Continued rubbing at 
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these conditions does not necessarily disrupt the glaze which continues to thicken at the ex- 
pense of blade wear^ resulting in the high VWR’s. Under still other conditions the plasticity 
at the rub interface can preferentially occur on Ihe seal and when the blade tip is cooler it 
becomes a ready depository for transfer of softened abradable material. This change in 
mechanism makes it difficult to clearly define the VWR when the blade tip is covered with 
transfer. In this program the VWR was calculated as though transfer initiated at the end of 
the planned incursion. Thus, the measured groove depth was reduced by the height of the 
transfer for the calculation of VWR. This assumption yields a lower limit value of VWR for 
the tests in which transfer occurred. 

Volume wear ratios have been calculated on high compressor seal systems in low time audit 
engines (approximately 10 hours of operation). Depending on the density /tensile strength of 
the seal material and engine operating conditions rubbed seal appearance varied from a 
clean to a glazed rub. The VWR’s for these situations for Feltmetal® seals varied from 1.0 x 
10““^ to 10.0 X 10““^. The values of VWR shown for the 12 fundamental rub interaction tests 
in Table III generally are within the range of that measured for Feltmetal® engine seal systems 
and their physical appearance is also the same as noted on the engine seals. The two exceptions 
are tests 9 and 12 which exhibited a completely different rub mechanism with correspond- 
ingly high VWR’s. Extremely high interface temperatures were experienced in these tests 
soon after the interaction began. In addition, examination of the torque data indicated that 
when interface temperatures reached 1480°K during the titanium blade rub its strength was 
reduced to nearly zero. This situation allowed easy removal of the soft blade tip by the cooler, 
stronger seal surface. The results of this rub mechanism have been observed with Feltmetal® 
in isolated stages of service engines, evidenced by excessive blade wear and associated heavily 
glazed/transferred seals. The good agreement between the rig and engine data gives credence 
to the use of single blade/rotating abradable testing to simulate engine rub behavior with 
flbermetal. Further work is required to identify the causes of the occurrence of the severe 
wear and high energy rub mode and to develop improved seal systems for its elimination. 

4.5.2 Metallographic Analysis 

Metallographic analysis wis completed on selected blades and all abradaule seals from 
Task 1 testing to identify changes in material structure and to determine the presence and 
constituents of any material transfer. Figures 9, 10, 11 and 1 2 show post test cross sections 
of all twelve Task I test seals. Visual inspection of the abradable rub surfaces showed that 
they varied from a cleanly machined to a highly smeared or glazed surface as shown in 
Figure 13. The representative cleanly rubbed surface in this figure was the fibermetal from 
test 10 and representative highly glazed surface shown was from test 9. These figures clearly 
show the difference in surface densification between the clean rub and glazed rub surface. 

In addition, X-Ray Emission Spectroscopy (XES) analysis revealed the presence of titanium 
material on the glazed seal surface of test 9, transferred from the titanium blades. Glazing or 
rub surface densification was noted on the seals from all tests conducted at the 0.25 mm/s 
incursion rate. At lower incursion rates the densification was noted on the rub surface of 
seals run at only one other test condition; test 6 and its repeat, test 1 1, run at the 0.025 mm/s 
incursion rate. Test 6 exhibited densification of the same magnitude as the high incursion 
rate tests while test 1 1 had less. During the running of test 6 the rub torque had gradually 
increased in value until it reduced abradable disk seal speed to zero rpm. Low speed opera- 
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tion had been foiind, from prior testing, to promote densification at the seal surface; thus 
tlie highly glazed condition was expected. Test 1 1 was a repeat of test 6 except that provisions 
were made to minimize the speed drop. The resulting surface glazing was not as severe as 
test 6 but was more extensive than the other 0.025 mm/s tests and all the 0.0025 mm/s 
tests. 

Wear measurements of the twelve Task I tests indicated that tests 1, 4, 5, 8, 1 1 and 12 
exhibited transfer on the blade tips at the end of the test. Of these, four (tests 1, 5, 8 and 12) 
were tests conducted at .25 mm/s incursion rate, two (tests 4 and 1 1) were conducted at 
.025 mm/s and none were conducted at ,0025 mm/s. The test 1 1 blade was chosen to be 
sectioned and metallurgically examined as a representative transfer specimen, XES analysis 
identified the bulk of the built-up material as Hastelloy X fibermetal seal material and the 
dark particles mixed in as SermeTel AP-1, the cement used in instrumenting the blades. 
Figure 14 shows a transverse section of test 1 1 blade tip. This particular section shows the 
transfer increasing from nothing at the leading edge to a thickness of 0.1 mm at the trailing 
edge. The transfer in each test was extremely rough and wavey with gross striations in the 
direction of the rub as vividly shown in Figure 15, a top view of the blade from test 1. 

Metallographic examination was also used to verify rub interface temperatures above 1300°K 
and determine if any evidence of titanium burning was present. This was accomplished by 
studying the microstructure of the blade tip. The normal AMS 49 16 titanium microstructure 
is a blocky a grain structure below temperatures of 1300°K, which is the (a + i8)/i3 transus 
temperature. Prior temperatures above 1300°K are identified by the presence of a-platelets 
which are coarse when the titanium is cooled slowly through the transus temperature and 
take on a fine martensitic appearance when the titanium is rapidly cooled. Areas such as 
the blade tip that reach temperatures well in excess of 1300°K have many elongated a-platelets. 
Evidence of titanium ignition and burning, if any was present at the rub interface, would be 
identified by cratering of the surface and by the presence of titanium oxide and alpha case 
or platelet structure. 

A study of the TV monitor and blade tliermocouples indicated that rub interface temperatures 
during test 9 had approached ignition conditions, although any evidence of possible burning/ 
melting on the blade tip surface had been removed by subsequent rubbing. The metallographic 
examination of the blade identified the presence of many fine elongated a-platelets at the 
rub surface in a martensitic type alignment (Figure 16), indicating that the blade tip temper- 
ature had been well in excess of 1300°K and was subsequently rapidly cooled. The rub 
testing for this program incorporated a pneumatic carriage/blade retraction system which 
provided for rapid withdrawal and thus rapid blade cooling at test completion. No evidence 
of recast structure or pitting which are indicative of melting or burning was noted but the 
extreme blade wear together with the a-platelet structure suggested the possibility of 
incipient ignition of the blade. 

A metallographic analysis was also conducted on the blade from test 1 2 which had been 
chosen to provide a test point that approached the severity of test 9, Visual observations 
made during and after test 12 substantiated the postulation that this test would provide 
additional data in the high rub energy, severe wear regime. The maximum temperature re- 
corded by a blade thermocouple during the test was 1720°K. Post test blade wear measure- 


ments Ulcntifiecl tluU two cUstincI: wear modes trad occurred during (he test. One fourth of 
the blade wore 0.323 min, grooving the seal 0.757 mm. The remaining three fourths of the 
blade averaged 0.787 mm wear while grooving the seal only 0.153 mm. Figure 17 is a section 
through the blade showing both the high and low wear areas, The lesser wear area Is coveted 
with transfer containing, as in test 1 1, Hastelloy X seal material and SermeTel AP-1 cement, 
used to hold thermocouples on tlie back side of the blade. The presence of elements of 
SermeTel AP-1 in the transfer suggest that they were first transferred to the rotating disk 
from the back side of the blade and subsequently transferred from the rubstrip to the blade 
tip. Again, as in test 9, the microstructure of blade 12 indicated that the tip had exceeded 
1300°K but no evidence of melting remained. 

4.6 DATA REDUCTION AND ANALYSIS 

As the Task I tests were being completed, data reduction was initiated to determine total 
rub energy, interface temperature, and the heat split between blade, abradable and wear 
debris. Upon completion of the Task I tests, energy and wear parameters were selected for 
statistical analysis and correlation. The specific objective of the statistical analysis was to 
detennine the linear niain effects and primary interactive effects of the independent 
variables on rub energy and wear. Upon conclusion of the analysis a plan was developed 
and recommendations made for tests to extend the range of the investigation, as called 
for in Task III. Details of the analysis performed and the results and conclusions of the 
work are presented in the following paragraphs. 

4.6,1 Total Rub Energy 

As developed in Section 4.2.1, the rub torque and the total rub energy are determined from 
equations 4 and 5 Which are repeated here: 

’"rub'^^t/^ '^turbine f '^windage 

+ friction At 


'^windage * ^ • fit 
+ lTiction 


Selection of the integration time, A t, for each test was made in such a manner as to resolve 
the variations in rub cnei'gy visible hi the oscillograph traces. In each case an even multiple 
of the time between speed readings was used to enable precise values of speed to be acquired 
for the last term in the equation. Integration of the first term made use of piecewise linear 
integration of Uie oscillograph turbine torque trace together with the average value of rotor 
speed over the time increment, speed changes being less than 0.5% for any integration. 
Integration of the second term, employed the average rotor speed and tlie windage and 
friction cuive (Figure S) generated in the zero-rub tests described in Section 4,4, In making 
this calculation, (he windage calibration check taken just prior to each test was used to 
adjust the level of the windage and friction for minor variations. Since repeated windage 
tests showed the variation of windage and friction with speed to be highly repeatable, this 
procedure permitted acquisition of acciuate rub torque and total energy values without 



time consuming steps to resolve static friction effects which made exact zeroing of the 
torquemeter very difficult. To facilitate calculation and plotting of the rub torque and 
total rub energy, a small computer program was written which performed these operations, 
calculated the time average value of total heat load for use in the statistical analysis, and 
provided plots of the results as a function of time throughout the test. These plots are 
presented for the Task I tests in Figures 18 through 25, and 29 through 31. Tabulated values 
of the peak total rub energy which occurred during the test and the average total rub energy 
for the test are presented in Table IV for all of the Task I tests. 


4.6.2 Rub Heat Into the Blade 


Blade heating and interface temperature were computed from the blade thermocouple data 
using a simple, one-dimensional, fin model as shown schematically in Figure 26. The 
governing differential equation for heat transfer in the blade is given by: 


a^T CCp3T , W 
9 y^ k 9y kS ^ a 9t 


(7) 


where T is the local blade temperature, y is the distance from the rub interface, G is the 
mass flux of blade material due to wear at the interface, Cp, A: and a are, respectively, the 
specific heat, thermal conductivity and thermal diffusivity of the blade material, /i is the 
convection coefficient on the surface, of the blade, F and S are, respectively, the perimeter 
and cross-sectional area of the blade and T^ is the ambient air temperature surrounding the 
blade. An order of magnitude study of the terms in this equation showed that, for the 
wear rates experienced in this program, the influence of the wear induced convective term 
was negligible. Consequently, this term was dropped which permitted ready solution of the 
equation with a transient heating boundary condition at the blade tip using Laplace trans- 
forms and superposition. The Laplace transform solution for a step change in heat input, 

Aq, at the blade tip, assuming ambient initial temperature and ambient temperature far from 
the blade tip, yields: 


T (y, t) = Ta + Aq f(h, y, t) 
where f (h, y, t) = 

hP 


/e'V^erfc/--.^ -.^/mtV eN/^ erfc4^— tv'^\ 

2kSVi^) \2Vat ^ j \2V«f / 


and V = 


kS 


Applying superposition over n incremental time steps, each of duration At, yields: 


n-1 

T (y, nAt) = + D (q^, + y- q^). f [h, y, (n-k) At] (9) 

k=0 
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where qj^^j - qj^ isthe(k+l) 


th 


step change in heat input. 


Upon rearrangement, the instantaneous heat load on the blade tip is given by: 

n-2 


q (nAt) = q [(n-1) At] + 


[T (y, nAt) - T„J - £ (^k-H “ ^ 

k=0 

f[h,y.At] 


10 ) 


In order to solve equation ( 1 0) for heat load to the blade tip, numerical integration was used . 
For each time step starting at the outset of the test, the value of temperature at the end of a 
time step of the thermocouple closest to the tip was used to calculate the change in heat 
load at the beginning of the time step. The tip heat loads so calculated were then stored and 
used in the summation term for later steps. The value of h required for the calculation was 
taken from the curve presented in Figure 6 wliich was obtained experimentally as explained 
in Section 4.2.5. Since the distance y from the tip to the thennocouple position varied 
through the test with blade wear and/or transfer, an estimate of wear rate was required for 
the solution. To tliis end it was assumed that all wear occurred first followed by transfer, 
if any, and that the wear and transfer rates were both constant and equal to each other. 

This assumption was modified for those tests that experienced extremely high interface 
temperatures. The occurrence of sustained high temperatures produced blade tip softening 
and the subsequent wear rate during this period was assumed equal to the incursion rate. 

In addition to blade heating, interface temperature was computed using the blade heat 
transfer model. Equation (8) evaluated at = 0 yields the interface temperature directly; 


T(0,«At) = T, + E (qk+l-‘lk)-ffh.O,(n-k)At] UD 

k=0 

The heat load terms required for the calculation are the same ones generated in the solution 
of equation (10). 


To facilitate the data analysis, a computer program was written to perform the calculations, 
to calculate the tune average value of blade heat load for use in the statistical analysis, and 
to plot heat load to the blade tip and interface temperature as a function of time through 
the test. These plots are included in Figures 18 through 25 for the Task I tests except those 
conducted at an incursion rate of 0.0025 mm/s. 

As a check of the assumptions involved in the analysis for these tests, a second computer 
program was written to calculate blade temperature at any distance from the blade tip as 
a function of blade tip heat load. Input of the calculated heat loads was then used to predict 
blade temperatures at locations of other blade thermocouples. The resulting temperature/time 
curves were found to agree with the actual measured temperatures to within 1 0%. 


23 


The method of determining the heat load on the tip and the blade tip temperature, as 
described above, is very sensitive to a steep gradient in the input thermocouple data. To 
adequately represent a quickly rising thermocouple response requires recording a large 
number of temperature points. The cychc nature of the thermocouple response for the slow 
incursion rate (0.0025 mm/s) tests, as typified by Figure 27, made continuous analysis of 
thermocouple data from all tlq-ee of these tests (2, 7 and 10) untenable. To reduce data 
reduction time with little loss in accuracy, an averaging method was used to determine both 
heat load on the blade tip and interface temperature. Each thermocouple data cycle was 
characterized, based on its peak temperature, as one of two or three typical cycles. Input of 
these typical cycles into the blade heat transfer model then provided the interface tempera- 
ture and the average heat load on the blade tip for each characteristic cycle. The thermocou- 
ple temperature cycles shown in Figure 28 for test 7 are representative of the data cycles 
recorded for that test. The value of average blade heat load for the entire test was then 
determined by summing the contribution of each cycle as follows: 



ni Qi Ati 



( 12 ) 


where : j is the number of different characteristic cycles used 

nj is the number of i^^ characteristic cycles in the test 
is the average heat load for the i^^ characteristic cycle 
Atj is the duration of the i^^ characteristic cycle 


To check the accuracy of this method, test 7 data was reduced on a continuous basis, and 
agreed well with the results of the above approach (blade heat load results shown in Figure 
28 compare with the averaged results shown in Figure 30) for the continuous approach. 

Interface temperature cycles shown in Figures 29, 30, and 31, for three slow incursion rate 
tests (0.0025 mm/s), are representative of the characteristic thermocouple cycles from which 
they were evaluated. The number of thermocouple data cycles at each characteristic level 
and the time of occurrences of each cycle is also shown in these figures and is used for 
determining the average value of heat load on the blade tip for each test. 

Tabulated values of the maximum interface temperatures which occurred during each test 
as well as the peak and average blade heat load are presented in Table IV for the Task 
I tests. 
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4,6*3 Rub Heat bito the Disk and Debris 

The cliffereace between the total beat load on the rub zone and the heat load on the blade 
tip is the heat conducted into the disk and that carried away by both the blade and seal 
debris, A method of obtaining the heat load due to each of these components was established. 

The heat lost to blade debris was determined by calculating the amount of heat stored in 
the material that is worn from the blade tip, as follows; 

1 /t 

‘lbd“7/„ G CpCTj-'iydt C13) 

where i is the test duration, G is the mass flux of blade material due to wear at the interface, 
Cp is the specific lieat and Tf is the interface temperature. 

The highest value of heat loss to blade debris for the task I tests was calculated for test 
#9 to be 5.67 watts or less than 1 .7% of the total heat load on the rub zone. 

Because tlie seal surface is porous and the seal material removal process involves subsurface 
fracture of the fiber bonds, the instantaneous contact area between blade tip and the seal 
material is oiily a small fraction of the blade tip area and tlve bulk temperature of the seal 
debris is significantly less than the interfiice temperature. For this reason, the approach 
selected for determining the heat to the disk and the heat to the seiil debris employed both 
a first law analysis of the total system and a transient conduction analysis of the disk surface. 
From the first law analysis it is seen that the combined heat to tlie disk and the seal debris 
is the difference between the total rub energy and the sum of the heat conducted into the 
blade and that lost in the blade debris. Measurements of the seal surface temperature at two 
angular positioiis provided the basis for calcula ting the heat being conducted into the disk. 
Due to the low conductivity of the abradable material, optical pyrolnetry, as discussed in 
Section 4.2.3, was the only viable technique for measurement of the abradable surface 
temperature. 

In order to determhie tlie heat flow into the disk from the abradable surface temperature 
data, simple one-dimensional transient heat conduction into a semi-infinite body was 
utilized. Because of the low thermal diffusivity of the Feltmetar® (~ 2.5 x 10’’ nri/s) the 
penetration of heat into the abradable in one revolution of the disk is only about 0.13 mm. 
At the same time, the analysis shows that the surface tempeniture effect due to rub energy, 
which is a maximum just where the abradable leaves contact with the blade, decays to 
15 percent of this maximum in one half a revolution and to only 4 percent of the inaximum 
in a full revolution just due to conduction into the abradable. The conclusion then is that 
within a few mils below the surface the abradable undergoes a relatively steady temperature 
rise which is unaffected by the periodic eftect of the disk rotation and that tlie surface 
temperature measurements on the disk at 180® position relative to the rub lue representative 
of the temperature rise of the disk surface with the periodic effects averaged out. 
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As shown in Table V surface temperatures were obtained in only three tests. During all of 
the other tests the rub surface temperature remained below the threshold limit of the pyro- 
meters. It is interesting to note, however, that these three tests, (tests 1, 3 and 9) were 
among the highest in average total rub energy and interface temperature and were the 
liighest tests in peak total rub energy. 


In order to estimate the average heat into the disk, the pyrometer data at the 180° position 
was assumed to be the result of uniform one-dimensional constant heating on the periphery 
of the disk (i.e. the periodic effects of disk rotating were averaged out as explained above). 
The tliickness of the abradable was taken as its final value and the disk under the abradable 
was assumed to remain at its mitial temperature. Based on these assumptions, Carslaw and 
Jaeger (ref. 7) gives the temperature in tlie abradable as; 


T = Tq + 


% ^ ~ 
_ 


Sq 6„ (-1)" -g(2n+l)^ TT^t 

e 

k7T^ n=0(2n+l)' -a 


sin (2n-H) ttx 

25a 


(14) 


where Tq is the initial disk temperature, is the heat flow into tlie abradable, x is the 
distance from the abradable bond interface, 6.^is tlie abradable thickness, / is tlie duration 
of rub heating and k and a are, respectively, tlie thermal conductivity and thermal 
diffusivity of Feltmetal® . Rearranging and solving gives the average heat into the disk. 
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where is the measured surface temperature. Applying this equation to the Task I pyro- 
meter and wear data yields the disk conduction results shown in Table V* 

As a final step, the heat lost in the wear debris is estimated by summing tlie remaining 
component terms (heat to tlie blade and blade debris, heat to the disk and convection 
from the disk surface) and subtracting the sum from the total rub energy. For this com- 
putation tlie heat transfer coefficient on tlie disk surface was estimated to be 600 w/ni^ °K 
for the 152 mps rub velocity and 770 w/ni^ °K for the 213 mps rub velocity using correla- 
tions given by Kreith (ref. 8) for lieat transfer from rotating disks and cylinders. The result- 
ing numbers for tests 1, 3 and 9 are reported in Table V. The occurrence of negative tem- 
peratures for tests 3 and 9 is indicative that additional energy was being supplied to tlie rub 
interface which was not accounted for in the total rub energy measurement. In view of the 
very high interface temperature (1 583°K for test 3 and 1747°K for test 9) and the higli heat 
of combustion titanium alloysit appears reasonable that this excess energy is coming from 
oxidation of the titanium. 
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As can be seen from the wide variation in calculated rub debris temperature and the lack 
of correlation of this temperature with either the interface temperature or the abradable 
surface temperature at the 30® position, the accumcy of the pyrometer data and data 
reduction procedure are inadequate to pennit resolution of the fraction of tlie rub energy 
going into the seal debris. While the total rub energy and blade heating Jiave been obtained 
using quite accurate measuring techniques and data analysis proGcdures, significant im- 
provements in both instrumentation and data analysis will be required to permit reasonably 
accurate detennination of heat tost in the abradable debris. 

4.6.4 Statistical Analysis of the Data 

One of the primary objectives of the program was to correlate rub eneigy and wear parameters 
with the independent variables. In order to accomplish this it was necessary to select param- 
eters which were single valued for each test and which represented the important charac- 
teristics of the energy or wear for that test. Tlie following parameters were selected for the 
analysis: 

Average Total Rub Eneigy — The time average of total rub enei-gy for the test 

Peak Rub Energy — The maximum value of rub energy which occurred 

during tlie test 

Average Heat to the Blade — The time average of blade heat load for the test 

Peak Heat to Blade — Tlie maximum value of blade heat load which 

occurred during the test 

Maximum Blade Temperatirre — The niaximum value of interlace temperature which 

occurred during the test 

Adjusted Blade Wear Pius — Wear plus transfer computed as described in 
Transfer Sec. 4.4. 1 

To develop the prediction equations for each of these dependent parameters with the 
independent test v:iriables, linear regression analysis was employed using the principle of 
least squares. Prior to perfoniiing a regression analysis it is necessary to tbrniiilate a mathe- 
matical model expressing the ways in which the independent variable might be functionally 
related to the dependent variable. The general model takes the form: 

Y= A + B, Xj + B, X 2 + + BjXi (17) 

where Y is the predicted value of the dependent variable, the A'’s are specified functions 
uniquely related to the independent variables and the values of the A and the 5T are to be 
determined by the regression analysis to achieve the best fit of tlie data to the model, based 
on the least squares criterion. Figure 32 is a generalized illustration. The term to be mini- 
mized in the least squares method is: 


= E (Vi-Yj)' 


wliere N is the sample size. 


Upon completion of the regression the multiple correlation coefficient, which is defined by 
the equation : 


^2 (Yj^Y)2 

2 (Yi - Y)2 




where Y - N 


is computed. Tliis quantity shows the degree of association between 


Y and X as represented by the model with a value of 1 .0 being a perfect fit. Its square, the 
coefficient of determination (r^), is a measure of the proportion of the variation of the 
dependent variable wliich is accounted for by the model. Since the correlation coefficient 
can ratlrer obviously be increased for a given set of data by increasing the number of terms 
in the model, additional statistical tests must be applied to determine the confidence level 
associated with the result. The final statistical quantity calculated is the standard error of 
estimate (SEE) wliicli is a measure of the magnitude of the error in predicting tire dependent 
variable and is computed by the equation: 


SEE = V N - K 


where K is tire number of degrees of freedom of the model (i.e. the number of coefficients, 
A +£fs). In the initial statistical analysis of the data a simple linear dependence upon each 
of the independent test parameters was assumed for the X’s in equation (17). Inspection of 
the results indicated, as would be expected from past experience in abradability testing, that 
a logarithmic dependency upon incursion rate would provide better correlation. In addition, 
since one of the primary objectives was to establish the significance of the several independent 
variables, it was decided to normahze each one so as to represent the test range by the band 
-1 to +1 . The resulting transformed variables are shown in Table VI and the corresponding 
form of the model used becomes: 


A log i (mm/s) - log 0.025 

Y = A + B . . 

log 10 


25 (mm) — 1.5 


2V (mps) — 365 


2b (mm) - 2.29 


2p(%)-35 


or, in terms of the normalized independent viuiables; 


Y = A i' + Bg 8' + By V' + B^ b' + B^ p' (22) 

Since the ranges of the variables were chosen, as much as possible, to be representative of 
engine rubs, use of the normalized formulatioji allows the relative influence of each of the 
independent variables upon the dependent variable to be seen through direct comparison of 
the magnitude of the coefficients m the regression expression. The sign of each coefficient 
indicates the direction of the trend. 

The regression analysis for each of the rub energy and wear parameters was carried out in 
two different ways for the Task I data. Tlie results of these analyses are presented in terms 
I of the regression coefficients in Table VII and as plots in Figures 33 through 43. The second 

i regression analysis was done because, as a result of the rub energy data being recorded con- 

tinuously, it was recognized that additional data points could be gained by treating the first 
half of a 1 .0 mm incursion test as an 0.5 mm incursion test. While tliis approach was able to 
provide a second correlation for the energy and temperature parameters, it obviously could 
not be used for correlation of the wear data. In the tabulated regression coefficients 
presented in Table VII the starred (*) items indicate tliat tliese variables are statistically 
important at the 95% confidence level. The question mark (?) terms are margmally important 
at that confidence level. The remaining terms are of little importance in explaining the 
viniation in the dependent variables, at least for the models selected. 

In addition to the regression coefficients, statistics for each prediction model are presented 
in Table VII. Comparison of the coefficient of detennination, witli stiuidard “table” 

I values wliich depend upon the number of test points and the number of degrees of freedom 

• in the model, permits the significance of the correlation to be assessed. Since tlie table 

values, based on 95% confidence, are 56.9% for 1 1 test points and 30.6% for 17 test points 
j it is evident that all of the correlations were significant with total rub energy being tlie best, 

r blade heating in the middle and blade temperature and blade wear the poorest. A comparison 

f of the standard error of estimate, S.E.E. with the repeatability error factor, a, permits an 

[ assessmentto be made of the cause of a liighS.E. E. value. The a values reported in Table VII 

! were calculated from the replicated test pairs, test 1/test 5 and test 2/test 1 0. In the average 

! total rub energy and peak heat to the blade correlations the liigh value of a relative to 

S.E.E. together with the high indicates that most of the error is due to experimental 
error. The lower relative values of o and/or lower r- values for the other two energy para- 
r"' meter correlations suggest that a greater number of tests might be useful for defining add- 

I itional functional relationsliips to improve the correlation. The comparable values of a 

; and S.E.E. with lower values of /•* suggest that basic effects, such as stability factors which 

govern the occurrence of transfer, jiiay be lacking from the model and the data. 

! In general, tlie results of the statistical test plan and regression models are seen to be very 

; successful. A ranking of the significance of the individual independent variables is 

; presented in Table VIII. The numbers shown in the table are derived from the percent of 

variation of tlie dependent variables attributed to an independent variable as calculated 
: from the coefficients in Table VII using the equation; 
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Throughout the correlations incursion rate is seen to be the strongest factor in the rub 
phenomenon. Disk rim speed and blade tliickness are substantially lower in influence but 
still show a significant effect, the effect of disk speed on interface temperature and possibly 
blade wear being particularly noticeable. Incursion depth and abradable density were found 
to have minimal effect except for the influence of abradable density on blade Wear. Of 
particular interest is the relatively minor change in the coefficients wliich resulted from 
including extra 0.5 mm data points from the deep rub tests. This rather large change in the 
sample size would have had a significant impact on the equations had the data been of lower 
quality. Examination of the interactive effects of two combined variables was completed, 
and none were found significant. It should be noted, however, that the lack of importance 
of these two-factor interactions may be due to an insufficient number of tests. 

4.6.5 Summary of Task I Test Results 

From the results of Task I tests the primary variable effecting rub energy and wear is seen 
to be incursion rate. The observed rub modes ranged from clean rubs with very low rub 
energy, relatively low blade tip temperatures and low blade wear for the 0.0025 mm/s 
Incursion rate to high rub energy, extreme blade tip temperatures and high blade wear or 
transfer of seal material from the disk to the blade tip for the 0.25 mm/s incursion rate. 

At the mtermediate incursion rate of 0.025 mm/s the blade wear was low but transfer 
occurred on both tests. At the high incursion rate (0.25 mm/s) tests either liigh wear or 
transfer or a combination of tlie two occurred on every test. 

Rub velocity was found to be a significant factor in rub phenomena, although substantially 
less influential than incursion rate. The strongest dependency was seen in the effect of disk 
rim speed upon interface temperature where the regression analysis exhibited approximately 
320°K higher peak temperatures for the 1 52 mps rub velocity than for the 213 mps rub 
velocity. Blade wear and transfer showed a corresponding increase with decreased rub 
velocity. 

Blade thickness proved to be a significant term, of the same order of importance as rub 
velocity, but with the effect comparatively high in the rub energy terms and very low in 
the interface temperature and blade wear plus transfer terms. Since the wear term used 
blade volume rather than blade length, the regression equation yields less loss in blade 
length for the thick blades than the tliin ones, for rub conditions which are the same in 
other respects. 

Both incursion depth and abradable density produced no significant effects on rub energy or 
interface temperature but an increase in blade wear plus transfer was observed for the higlier 
density abradable. 
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4.7 DETAILED INVESTIGATION OF SIGNIFICANT PARAMETERS 


The objective of this final portion of the test program was to further explore the most 
significant parameters identified in the statistically planned, fundamental rub interaction 
tests and to extend the range of investigation, if possible, to include the effect of com- 
pressor steel blade materials and multiple blades, The high degree of confidence which 
was realized from the statistical test portion enabled all five Task III tests to be used to 
explore the effects of these two variables. Because of the high rub energy, interface tem- 
perature and wear which occurred at the high (.25 mm/s) incursion rate and low rub velocity 
condition (tests 9 and 1 2), emphasis was placed on determining the effect of blade material 
and number of blades on the rub phenomena at these conditions. In addition, two tests 
with compressor steel blade materials were selected at conditions corresponding to those 
in which seat material had transferred to the blade tips during initial testing to determine 
whether a change in blade material would affect the occurrence of such transfer. Because 
of the added information made possible by conducting the test to the deeper incursion 
depth all five tests were chosen to be run with a 1.0 mm maximum incursion depth. The 
resulting program, consisting of three tests run with Incoloy 901 blade material and two 
with multiple (3) 8-1-1 titanium blades, is presented in Table IX together with the Task I 
test array. 

4.7.1 Energy Measurements and Test Methods 

The methods employed to determine the energy dissipation and interface temperature and 
the test procedure for Task III testing were very similar to that for Task I. The variations are 
described as follows. High temperature thermocouple installations for Task I testing used a 
0.05 mm thick layer of molybdenum sputtered to the titanium to prevent alloying of 
the platinum thermocouple leads with the titanium blade during resistance welding of the 
thermocouples to the blade. This method replaced the use of tack welded molybdenum foil 
which, in previous testing, exltibited a thermocouple survival rate of approximately 50%. As 
Task I testing progressed it was noted that thermocouple malfunctioning had been reduced 
to 7% using the sputtered molybdenum. Therefore, the number of thermocouples required 
to record temperature data could be substantially reduced. Figure 44 shows the Task III 
thermocouple locations; three per blade for the single blade tests and two per blade for the 
multi-bladed tests. Since verification of the thermal analysis was already carried out in 
reducing Task I data, the thermocouple location furtliest from the blade tip (i.e, the 0.91 mm 
location) was felt to be unnecessary and was eliminated. 

Strain gage data acquired during Task 1 testing did not succeed in providing an indication of 
the rub frequency because the signal to noise ratio was too small. To overcome this problem 
in the Task III multi-blade tests, amplifiers of higher quality and gain were obtained, a higher 
strain gage translator excitation voltage was used and the calibration was carried out beyond 
the range of the gage. These improvements provided a signal strong enough to identify the 
rub period and even to differentiate between several levels of rub severity. 
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The multi-bladed tests each contained 3 blades located approximately 10° apart and oriented 
45° from the rub direction (see Figure 45). Prior to cementing the strain gages and thermo- 
couple leads to the blade and holder the blades were accurately positioned against the test 
disk and locked into place. The tip of each blade was located within 0.05 mm of the initial 
true rubbing position for that test. As in the Task I testing a thorough pretest calibration 
and check list was followed to insure that the rig and instrumentation would operate and 
record satisfactorily. 

4.7.2 Visual Test Results 

Each of the five Task III tests were conducted as described in Sections 4.4 and 4,7.1. As in 
the Task I testing schedule a post-test review of the magnetic tape TV records was made, 
wear measurements were taken on the blades and abradable material and the hardware was 
metallographically analyzed. 

The review of the TV records and high speed motion pictures of the Task III tests yielded a 
synopsis of the visual activity during each test which is related below. After each test number 
title the test conditions are listed in an abbreviated form in the following sequence: number 
of blades, blade material, incursion rate, rub velocity, blade thickness, rub depth, abradable 
density, test duration. 

Test 13 (1, Ni, i = ,25 mm/sec, V = 213 mps, b = .48 mm, 5 = 1.0 mm, p = 16% - 4 sec) 

An intense continuous blade tip glowing accompanied by very light sparking was visible the 
entire test. The highest thermocouple reading rose steadily to a maximum of 965°K approx- 
imately 1 second into the test. The temperature oscillated over a range of 45°K for the 
remainder of the test with the maximum values declining slowly to 840°K at the end of the 
test. 

Test 14 (3, Ti, i = .25 mm/sec, V = 152 mps, b = .55 mm, 5 = 1.0 mm, p = 19% — 4 sec) 

Light sparking and blade tip glowing were visible for the first second of the test followed by 
very heavy, rapid intermittent sparking with intense blade tip glowing for the remainder of 
the test. Blades 1 and 2 had similar maximum recorded temperature traces rising steadily, 
after an early dip at test start, for the first 2.5 seconds and then oscillating, with amplitudes 
as large as 280®K, reaching a maximum of 1810°K at the end of the test. The maximum re- 
corded temperature for blade 3 rose to a maximum of I280°K in 0.8 seconds and remained 
steady until the thermocouples stopped functioning, approximately 1 .5 seconds into the 
test. 

Test 15 (1, Ni, i = .025 mm/sec, V = 213 mps, b = 1.70 mm, 6 = 1.0 mm, p = 16% — 40 sec) 

No visible blade tip glowing or sparking was noted during this test. The maximum recorded 
temperature rose to a maximum of 920°K in 2.75 seconds and then fell to 560°K, staying 
essentially constant for the remainder of the test. 
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Test 16 (3, Ti, i = .25 mm/sec, V = 152 mps, b = 1.71 mm, 5 = 1.0 mm, p = 19% — 4 sec) 


Very intense blade tip glowing was visible from the start of the test. Light sparking was 
noted for the first 1/2 second becoming extremely bright and severe even though it was 
intermittent for the remainder of the test. Thermocouple readings rose to a maximum of 
1965°K 2.5 seconds into the rub. Approximately 1 .5 seconds into the rub oscillations in 
temperature, as large as 500°K, began, lasting the remainder of the test. 

Test 17 (1, Ni, i = .25 mm/sec, V = 152 mps, b = 1.68 mm, 6 = 1.0 mm, p = 19% — 4 sec) 

A bright glowing of the blade tip was noted almost from the start of the test accompanied 
by extremely light sparking. This continued throughout the test except at one point large 
pieces of debris left the rub zone and hit the pyrometer shield slowing down a sufficient 
amount to become visible. Thermocouples reached a maximum of 1 530°K near the end of 
the test. 

4.7.3 Wear Analysis 

Wear measurements for Task III tests 13, 14, 15, 16 and 17 were taken with the shadow- 
graph and photomicrograph techniques used in Task I. The blade and seal wear measure- 
ments for the Task III tests are summarized in Table X. Included are the data for the para- 
meters “Adjusted Blade Wear Plus Transfer” and Volume Wear Ratio” (VWR). These terms 
are discussed in detail in Section 4.5.1. The VWR’s of tests 14, 16 and 17 were significantly 
higher than those normally expected for Feltmetal® seal systems and can be compared to 
tests 9 and 12 in Task I which also exhibited extremely high VWR’s. 

As previously noted, the test conditions for tests 9 and 1 2 provided data in the high rub 
energy, severe wear regime. Test 14 was a multiple blade test chosen to operate at the same 
conditions as test 12 to determine the effect of multiple blades on a high energy rub. It was 
anticipated that the multiple blades, by reducing the effective incursion rate (i.e. depth of 
cut), might lower the total rub energy and reduce the peak interface temperatures. However, 
the number of blades did not reduce the work per blade and, as in test 12, high interface 
temperatures resulted in soft blade tips and correspondingly high blade wear and VWR’s. 
Tests 16 and 17 were chosen to operate at the same conditions (except for incursion depth) 
as test 9 which had experienced high rub energy and severe wear. Test 1 6 was to determine 
the effect of multiple blades on a high energy rub and test 17 was to determine the effect of 
a blade material change (titanium to Incoloy 901 ) on a high energy rub. Both of these effects 
were anticipated to have a tendency to reduce rub energy and wear; the multiple blades for 
the reason given above and the blade material because of the less reactive nature of nickel 
based alloy relative to titanium. Again, contrary to expectations, neither of these changes re- 
duced the high rub energy, high interface temperature and both resulted in high blade wear 
and VWR’s. Further work is required to identify the causes of this severe blade wear and high 
rub energy mode. 
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4.7.4 Metallographic Analysis 

Metallograpliic analysis was completed on selected blades and all the Feltmetal® seals from 
Task III testing to identify changes in material structure and to determine the presence and 
constituents of any material transfer. Figures 46 and 47 show 25X cross sections of the seals 
from tests 13, 14, 15, 16 and 17. As in Task I the seals from the liigh incursion rate tests 
were distinguished by surface densification. Test number 15, run at 0.025 mm/second, was 
the only test operated at an incursion rate other than 0.25 mm/second. The seal from this 
test was not den^ified and as Figure 48 indicates there was no surface smearing or glazing. The 
seal from one other test, number 13, did not have surface smearing or glazing (Figure 49). 

This seal, although densified, did not exhibit the plasticity and eventual glazing that was 
prone to occur with the liigh incursion rate tests. A review of the rub energy, temperatures 
and physical wear for this test indicated that the total rub energy, heat into the blade and 
blade wear were all noticeably less than for the other Task III high incursion rate tests. 

Metallographic examination of the three nickel alloy Incoloy 901 blades was conducted. 

The condition of the surface material structure was representative of the amount of energy 
associated with the rub. The least severe rub, test 15, showed no heat affected area at the 
blade rub interface. Figure 50. The test of intermediate severity (#13) exhibited sections of 
recrystallization at the blade rub surface (Figure 51). These localized transition areas 
reached a temperature of approximately 1 300°K. Test 1 7 experienced the most severe rub 
and a cross section (Figure 52) througli its 1.68 mm thickness shows a large area near the 
surface indicating a decomposition of the original grain structure with surrounding grain 
boundaries that are broad, indicating that melting had taken place. Taking the short test 
duration into account (4 seconds), melting probably occurred in the 1 560°K to 1 590°K 
temperature range. The Feltmetal® seal in test 17 exhibited the heaviest surface glazing 
(Figure 53) of all tests. The smearing and glazing was continuous except for isolated loca- 
tions of spallation. In addition the blades in tests 13 and 15 experienced seal material 
transfer. Figure 54 shows a cross section tlirough blade 13’s 0.48 mm thickness at approx- 
imately the point of maximum transfer (0.20 mm). The amount of transfer varied con- 
siderably along the blade width and averaged 0.1 22 mm high. As in Test 1 1 and Task I 
the bulk of the transfer was Hastelloy X seal material. The lighter gray areas mixed in with 
the Flastelloy X are SermeTel AP-1 , the cement used to hold the thermocouple leads in 
place. The transfer on blade 1 5 was similar in structure and material constituents as that 
on blade 13. 

The first multi-bladed titanium test ran with the thinner blades, 0.55 mm thick, and ex- 
perienced very high temperatures. A post test visual examination. Figures 55, 56 and 57, 
noted that the Test 14 blade tips had gross rough rub striations and a mushy molten 
appearance. The leading edge of each blade had a large plastically deformed burr of tita- 
nium material while the trailing edge had a burr that was generally a mixture of titanium, 
molybdenum and thermocouple cement (Figure 58). The rub surfaces had several areas 
of spallation and the appearance of gross mixing. Figure 59 shows a section of a rub surface 
area where mixing apparently took place. X-ray Emission Spectroscopy identified the top 
layer as basically titanium with traces of Hastelloy X, the next layer (darker in appearance) 
as a mixture of titanium and Hastelloy X and the substrate as the titanium blade alloy. 
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i'i^iux' 60 sllo^vs miotlix'i’ bUuk tip «rt?ii where ii liistinet surruee luyer is pi'esent, imO lias 
been identified as tUaniuin with traces of Ilastelloy X. All fietiu’cs of the rub surface indleute 
the pix'sence of themany fine eloiigatedcwplatelets in a nnvvteiisitic type nlisiimeiit imUcuting 
a blade tip teiuperature in excess of K^OO^K. In addition, molten titanium debris was 
visible in several areas of the trailing edge burr material indicating that tlie titanium had at 
least readied its softening temperature. All tlie metallogrupliy completed on test 14’s 
blades could not idcntitV any evidence of melting or burning remaining. 

Although the pliotomiciograph of the beltmetab^^ rubstrip for test 14 showed densi» 
fication at the rub surface a plan view of the rubstrip indicated that the rub varied fiom 
fairly clean with no glaring to heavy gla/.ing in some areas. The gkvdng gmierally appeared, 
as both localked and discrete circumferential stiiations (Figure 6 1). 

Test conditions for test 1 tJ were the same as those for te.st 14 e.xcept test 16 blades were 
thive times a.s thiek, A post test visual examination, Figure^s 62, 63 and 64, was also com 
ducted oil the blade tips of test 16, 'flie surfaces had gross renigli rub striatious and a mushy 
appearauce but did not exhibit the molten condition that test 14 biadc,s did, 'flie leading 
edge of each blade had a burr which was more' preruoiinccd on each ,svieeeedfflg blade. The 
material in the hum T'igiviv 6,’>, was identified as Ilastelloy X seal material mixed with 
SermeTel Al*-1 thermocouple cement, Muteidal generated fremi the rub was also pushed off 
the trailiug edge of the blade some of whleh adheivd to the tliermoeouple cement. There 
\reus also molten titanium debris visible in spherical shapes on the trailing edge. The rub 
surhice of eacli blade also had irre'gular areas of a thin light colored film adhering to the 
surface. This wliite film appeai-s to be titanium oxide whicli, in some areas, had flaked off 
re'vealing the start of further oxidation whieh appears as .sliades of blue and purple. SFM 
pirebe corroborated this observation but could not identitV elements below an atomic 
number of 11 and tlius could not identitV oxygen. Oxidation is a time/teinperature 
phenomenon and to form during the short time duration between blade passes and ivmain 
at the end of a mb tlie interlace tempe.rature.s must be extre'uieb’ bigb' Test 1 6 had a max’- 
imiim ix'coreled blade temperature' of nearly which was the highest for all the tests. 

The melnllographie sections of the first blade did not evidenee any areas of re'cast struetiire 
or pitting Indicative of tiUinliuu melthig or burning in tlie blade it.self but did. note tlie 
pivsence of many line, elongated re ’•platelets, indieatiug temperatures in excess of 1300®K, 
A plan view of the b'eltmetab^ llwm test 16 (I'igivrc 6tri showed mostly discre'te heavll^“‘ 
glaised cireumferentuil striations with some localis'd glaied area.s. This condition existed on 
tlie entire rabstrip. exhibithig imm' ghidng than the seal tom test 14. 

Rub debris fwm all the Task HI tests were collected in petroleum jelly and tlltered forstee 
distribution. IWeXTlists the percentage of particlesRnH'achstee range for tests 13, 14, IS, 

1 6 and 17, For all tests except test 1 3 the quantity of partick'.s was inversely proportional to 
their si*e, the nnijority of the particles being below 10 micrems in siie. Representative 
particles ftxmi test 14 were viewed and aiialyied on the SKM. The mtdority of the partieles 
wore thin and flakeriike ina ppearance as shown in Figure 67, An elemental analysis indleated 
that the nndority of the debris was Hu.stelloy X with traces of titanium, “fills inlormation 
gives cre'denee to the postulation that one form of seal wear, or removal of abradable debris. 
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ocevu’s as localized spallation or flaking of highly plasticized, flattened seal fibers. Repeated 
rubbing plastically deforms and Hattens the fibers which are also rapidly cooling between 
blade hits. This sequence continues dining blade incursion, wliich is approximately 0.025 
microns per blade pass, until the bonds holding the flake tne fractured and it is dislodged as 
rub debris. Particles caji also be dislodged nearly intact during a rub as indicated by Figure 
68 wMch shows a Hastelloy X abradable seal fiber. The number of these particles was very 
small compaied to the flake-like particles. 

4.7.5 Data Reduction and Analysis 

The methods used to reduce the energy and blade temperature data were identical to the 
Task I procedures which were described in detail in sections 4.6.1 and 4.6.2, Blade heating 
and interface temperature were computed for each of the three blades in the multiple 
titanium blade tests and strain gage readings were analyzed to determine the occurrence 
and Intensity of rubbing for each blade, The results of the analysis are presented as plots of 
the energy and temperature terms as a function of time througliout the tests in Figures 69 
through 73 and in terms of average and peak values of the energy and temperature terms 
in Table XO. Strain gage results for the multiple titanium blade tests are presented in 
Figures 74 and 75. 

4.7.6 Sunuuaiy of Task lU Test Results 

From a qualitative pomt of view the Task HI test results were very similar to the Task I 
results. Magnitudes of the energy, temperature and wear terms were comparable but with 
several striking difforences. The following paragraphs present comparisons of each of the 
Task 111 tests with the corresponding Task I tests, noting simihuities and differences be- 
tween the tests, and finally, a comparison is made between tlie Task III results and the pre- 
dictive models developed in Task II from the Task I data. 

The first Task III test, test 13, was run at all the same conditions as test 8 of Task I except 
with Incoloy 901 blade material in place of 8-1-1 titanium (AMS 4916). As in test 8, the rub 
produced considerable transfer and resulted in a densified abradable surface. The blade wear 
prior to transfer was the same for both materials. The peak interface temperature was ovei- 
222°K lower for the nickel material but the rub energy and heat splits were compinable. 
Since one of the primary objectives of tliis test was to examine the effect of blade material 
upon the occurrence of transfer, the close similarity between the tests with respect to wear 
and transfer was of particular interest 

Test 14 was conducted at the same conditions as Task I test 12 except that three blades 
wereused in placeof one. In spite of the fact that the three blades might have been expected 
to divide up the abradable "cutting,” to produce an effectively 3x lower incursion rate for 
test 14 than for test 12, tlie total rub energies were remarkably similar. As shown in Figure 
74, witliin 0,3 seconds of the 4 secojid test all tliree of tlie blades were actively rubbing ' 
and they all continued rubbing at varying intensities throughout the balance of the test. 
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Since ptioc expedence at modenite incursion rutes luus typically exhibited intermittent 
robbing with the longest blades ruhbitrg first and thermal growth effects producing the 
periodic effects, this result was somewhat unexpected. On a per blade basis the rub energy 
was less tur the multiple blade configuration and the maximum blade temperature was 
d50'‘''K lower than Ibr the single blade test, but the total energy for test 14 was slightly 
higher and tlie total volume of blade material lost was considerably greater. While this 
result was at first surprising, attalysis of the data indicated clearly that the close spacing 
of the blades prevented the abradable from cooling between blades so that heating effects 
were iirtensified. In a normal ei^glne rub wdiere blades rubbing in concert are probably much 
more widely spaced such an effect could be expected to be greatly diminished. 

Test IS was conducted at the same conditions as test 4 except for Incoloy 901 blade 
material in place of S-M titanium and utilisation of a 1 .0 mm rub depth ratlier than 0.5 mm. 
Again the primary objective was to examine the effect of blade material in a region where 
transfer had occurred. For these tests tlvc iucui-sion rate w»as Q.Q2S mm/s rather than tlve 
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used in tests B and 13, the other transfer tests. The nickel base blade material 


was seen to produce transfer as did the titanium blade, both after minimum blade wear had 
occurred. In llris case rub energy w>as considerably less for the nickel blade and the abradable 
exhibited less gladng and denslfication than seen with tlve titanium blade. As in the prior 
comparison the nickel alloy blade yielded a lower maximum interface temperature, by 
1 90'“K in this instance. 

Test 10 duplicated the conditions of test 9 except t\vr utilization of three blades rather than 
one and an Increase in mb depth to 1 .0 mm. Although the intei'face temperatures and heat 
Into each blade were similar tbr the tw»o tests the total energy was higher for the multi- 
blade test. /Vgain tlie expected reduction of rub euergy due to distribution of cutting between 
the tliree blades did not occur and. as shown in Figure ?5, all tiiree blades again participated 
in the rub tlvroughout the test after an initial start-up transient. Heavier abradable glazing, 
wiiieh occurred for the multiple blade test, was attributed to tlve greater rub depth. 


The final test, test 17, was also conducted at tlie same conditions as test 9 except this time 
with fneoloy 901 blade material in place of tlve titanium and, again, the 1.0 mm rub depth 
rather than the 0.5 mm depth. In view of the e.xtrevue wear and Ivigh intei'face temperature 
of test 9, wvhich had been attributed to ignition of the titanium blade materval, this test 
produced very surprising results - the nickel based blade \vore as severely as the titanium 
blade. Rub energy was much higher FOr the nickel blade and interibee temperature lower, 
corresponding to the lower melting temperatures of the nlekol alloy. Blade heating was 
somewhat lowet\ undoubtedly due to the lower vivterhice teiuperature. The abradable 
glazing whielv occurred for test 1 7 was the most severe of any test. This test was strong 
evidence that the e.xcessive wear of the titanium alloy blade in test 9 Was due to a reduction 
in blade vnaterval streivgtb and not ignition. 


Although the changes in blade material ami number of blades ineorporated in Task 111 
would be expected to luwe a significant effect on most, if not all, of the observed rub 
phenomena, it is interesting to compare the results of the Task 111 tests with the predictive 
models develoiied ft'om the statistical analysis of the Task 1 test da ta, Figures 76 through 81 
are repioductions of the versus plots of section 4.6.4 ivhich include the Task IIT 
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data points. Since all of the Task III tests are conducted to 1.0 mm rub depth, points for 
both 0,5 mm and 1 .0 mm incursion depths are presented in each of the energy and temper- 
ature plots; the 0.5 mm points being derived from analysis of the first half of the tests and 
the 1 .0 mm points from analysis of the entire test. 

A review of the plots shows that for both the transfer mode tests (tests 1 3 and 1 5) the 
Incoloy 901 material yielded lower total rub energy and interface temperature but about 
the same blade heating as the titanium blades. Since Incoloy 901 has higher thermal con- 
ductivity than 8-1-1 titanium but about the same thermal diffusivity, the lower interface 
temperature coupled with a minimal difference in blade heating is understandable. The 
lower total rub energy with the Incoloy 901 appears to relate to the reduced interface 
temperature and somewhat lesser degree of abradable densification and glazing. 

While the transfer mode tests with Incoloy 901 resulted in lower total rub energy than 
predicted by the Task I model, test 17, with the Incoloy 901 at conditions producing liigh 
rub energy and wear in Task I, resulted in substantially higher total rub energy than the 
Task 1 model predicts. This coincides with the extreme amount of abradable densification 
and glazing and blade wear wliich occurred on tliis test. In spite of the liigh rub energy and 
blade wear, tliis test showed the same reduced interface temperature and congruent blade 
heating effect, relative to the Task I models, as did the other Incoloy 901 tests. The degree 
of blade wear was particularly noteworthy in that the rapid blade wear mode observed in 
Task I is confirmed as a system problem rather than just a blade material problem. 

The two multiple blade tests (tests 14 and 1 6), both conducted at conditions wliich produced 
liigh rub energy and blade wearing during Task I testing, exlubited somewhat liigher total 
energies than the corresponding Task I tests but not a factor of three as would have been 
the case had the per blade rub force remained constant. Blade heating, on a per blade basis, 
and maximum blade temperature are seen hi Figures 78, 79 and 80 to be in general agree- 
ment with the Task I findings. Blade wear, on an average per blade basis, ranged from 
moderate wear, close to the prediction model, for test 14 with thin blades to severe blade 
wear for test 16 with the thick blades. The extreme difference in wear between the normal 
wear mode and the severe wear mode is clearly seen in Figure 81 . 
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SYMBOLS 


A 

B 

b 

Cp 

G 

h 

I 

i 

J 

K 

k 

N 

P 

q 

^bd 

qd 

^ total 

q total 
R 


S 

SEE 

T 

Ta 

Ti 

T 

^o 

T 

t 

U 

V 

VWR 


Constant in regression equations or area within the perimeter of the strip 
Coefficient in regression equations 
Blade thickness 
Specific heat 

Mass flux of blade material due to wear at the interface 

Convective heat transfer coefficient 

Current to strip 

Incursion rate 

Rotational inertia 

Number of degrees of freedom of tlie model 

Thermal conductivity 

Sample size 

Perimeter of blade 

Heat load 

Heat load to blade debris 
Heat load to tlie abradable 
Total rub heat load 

Time average of total rub heat load over time increment At 

Resistance of strip 

Multiple correlation coefficient 

Coefficient of determination 

Cross-sectional area of the blade 

Standard error of estimate 

Temperature 

Ambient air temperature 

Interface temperature 

Initial disk temperature 

Measured surface temperature 

Time 

Overall heat loss conductance 
Rub velocity 

Sum of unexplained variation 
Volume wear ratio 

Specified function uniquely related to i*^ independent variable 
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SYMBOLS (Cont’d) 


Distance from abradable bond interface 

Predicted value of dependent variable 

Distance from the rub interface 

Thermal diffusivity 

Rub deptli 

Abradable thickness 

Abradable density 

Repeatability error factor 

Torque 

Rotational speed 


















WEAR MEASUREMENTS FOR THE TASR I TESTS 


Test No. 

Programmed 

Incursion 

Carriage 

Incursion 

Measured 

Seal 

Wear (Avg) 
Blade (“) 

Measured 

Incursion 


mm 

inm 

mm 

mm 

mm 


(in) 

(in) 

(in) 

(in) 

(in) 

1 

1.0 

1.087 

1.112 

.086 /.051T 

1.147 


( .040) 

( .0428) 

( .0438) 

(.0034/.0020T) 

( .0452) 

2 

0.5 

0.538 

0.478 

.038 

0.516 


( ,020) 

( .0212) 

( .0188) 

(.0015) 

( .0203) 

3 

0.5 

0.513 

0.396 

.079 

0.475 


( .020) 

( .0202) 

( .0156) 

(.0031) 

( .0187) 

4 

0.5 

0.564 

0.635 

.005 /.069T 

0.571 


( .020) 

( .0222) 

( .0250) 

(.0002/.0027T) 

( .0225) 

5 

l.O 

1.128 

1.143 

.010 /.127T 

1.026 


( .040) 

( .0444) 

( .0450) 

(.0004/.0050T) 

( .0404) 

6 

1.0 

0.965 

0.635 

.198 

0.832 


( .040) 

( .0380) 

( .0250) 

(.0078) 

( .0328) 

7 

1.0 

1.036 

1.031 

.005 

1.036 


( .040) 

( .0408) 

( .0406) 

(.0002) 

( .0408) 

8 

1.0 

0.991 

1.112 

.005 /.152T 

0.965 


( .040) 

( .0390) 

( .0438) 

(.0002/.0060T) 

( .0380) 

9 

0.5 

0.539 

0,279 

.239 

0.518 


( .020) 

( .0212) 

( .0110) 

(.0094) 

( .0204) 

10 

0.5 

0.483 

0.508 

.058 

0.566 


( .020) 

( .0190) 

( .0200) 

(.0023) 

( .0223) 

11 

1.0 

0.991 

1.194 

.051 /.140T 

1,105 


( .040) 

( .0390) 

( .0470) 

(.0020/.0055T) 

( .0435) 

12 

1.0 

0.991 

0.757 

.323 /.107T 

0.973 


( .040) 

( .0390) 

( .0298) 

(.0127/.0042T) 

( .0383) 




(b) 






0.152 

.787 

0.939 




C .0060) 

(.0310) 

( .0370) 


® In tests where transfer occurred following wear, wear is tabulated first and the amount of 
transfer is followed by a “T”. 

^ Test 1 2 had two different distinct wear modes occur at two different areas of the blade tip. 


TABLE m 


WEAR RESULTS FOR THE TASK I TESTS 



Blade 

Measmed WeartAvg) 

Adjusted Bl.adc 

Vol Wear 

Test No. 

Tluckiross 

;Se.al 

Blade 

Wear & Transfer 

Ratio 


inm 

mm 

mm 

mm 

(X 10“^) 


(in) 

fin) 

fin) 

fin) 


1 

L7S 

1.112 

.086 /^OSIT 

,353 

5.4 


i .OTOOl 

( .0438) 

(.0034/,0020T) 

{0;0139) 



0.53 

,478 

,038 

.041 

1,4 


( .0230') 

( .0188) 

f.OOlS) 

(0.0016) 


3 

0,56 

.396 

.079 

.086 

3.8 


< ,0220) 

{ ,0156) 

(.0031) 

■(0.0034) 


4 

L74 

.635 

.005 /.069T 

.086 

0.6 


( .0685) 

( .0250) 

(.0002/.0027T) 

(0.0034) 


S 

L74 

L143 

.010 /.127T 

.163 

0.6 


< ,0685) 

( .0450) 

<.0004/.0050T) 

(0.0064) 


6 

0.51 

.635 

.198 

.198 

5,5 


( .0200) 

( .0250) 

(.0078) 

(0.0078) 


7 

L7S 

1,031 

.005 

.018 

0,3 


( .0690) 

( .0406) 

{.0002) 

(0.0007) 


S 

0.56 

L112 

.005 /.152T 

.158 

0.1 


o 

o 

1 .0438) 

(.0002/.0060T) 

(0.0062) 


9 

1,77 

,279 

.239 

,838 

52.2 


( .0695) 

( .0110) 

(.0094) 

(0.0330) 


10 

0,52 

.508 

.058 

,061 

2.1 


( ,0205) 

( .0200) 

(.0023) 

(0.0024) 


11 

0.56 

1.194 

,051 /,140T 

.196 

1.0 


( .0220) 

( .0470) 

(.0020/.OOS5T) 

(0,0077) 


12 

0.62 

.757 

.323/.3 07T 

.503 

9.8 


( .0245) 

( .0298) 

(.0127/.0042T) 

(0.0198) 




.152 

.787 

,965 

103.8 



(.0060) 

(.0310) 

(0.0380) 



^ In tests where transfer occnlred following wear, wear is tabulated first and the amount of transfer 
is followed by a “T”, 

b Tr . H, /■.»., volume of blade wear 

Volume Wear Ratio (VWR) = - ^ — 

volume Of seal groove 


TABLE IV 


TASK I TEST CONDITIONS, WEAR AND DATA ANALYSIS RESULTS 










Peak 

Ave 

Max 

AvgQ 

PeakQ 


Test 

Bid 

Rub 

Rub 

Inc 

Seal 

Measured Wear 

Tot 

Tot 

Inter 

Into 

Into 

Heat 

No. 

Th 

Vel 

Ppt 

Rate 

Den 

Sea! 

Blade(a) 

Engy 

Engy 

Temp 

Blade 

Blade 

Split 


(mm) 

(m/s) 

(mm) 

(mm/s) 

(%) 

(mm) 

(mm) 

(kw) 

(kw) 

(“K) 

(kw) 

(kw) 

(%) 

1 

1.78 

213 

1.0 

0.25 

19 

1.112 

.086/ 
.05 IT 

1.50 

0.954 

1323 

0.033 

0.070 

3.4 

2 

0.53 

213 

0.5 

0.0025 

19 

0.478 

.028 

0.04 

0.013 

1234 

0.003 

0.020 

21.8 

3 

0.56 

152 

0.5 

0.25 

16 

0.396 

.079 

1.81 

0.507 

1582 

0.027 

0.044 

5.4 

4 

1.74 

213 

0.5 

0.025 

16 

0.635 

.005/ 

.069T 

1.48 

0.411 

1179 

0,018 

0.037 

4.2 

5 

1.74 

213 

1.0 

0.25 

19 

1.143 

.OiW 

.127T 

1.37 

0.680 

1230 

0.031 

0.095 

4.4 

7 

1.75 

152 

1.0 

0.0025 

16 

1.031 

.005 

0.33 

0.144 

1337 

0.017 

0.047 

11.4 

8 

0.56 

213 

1.0 

0.25 

16 

1.112 

.005/ 

.152T 

1.00 

0.660 

1323 

0,017 

0.033 

2.6 

9 

1.77 

152 

0.5 

0.25 

19 

0.279 

.239 

1.93 

0.346 

1746 

0.080 

0.131 

23.2 

10 

0.52 

213 

0.5 

0.0025 

19 

0.508 

.058 

0.06 

0.006 

851 

0.003 

0.010 

50.0 

It 

0.56 

152 

1.0 

0.025 

19 

1.194 

.051/ 
.04 IT 

0.56 

0.234 

1142 

0.010 

0.113 

4.4 

12 

0.62 

152 

1.0 

0.25 

19 

0.757 

(b) 

0.152 

.323/ 

.107T 

.787 

1.18 

0.585 

1941 

0.036 

0.066 

6.1 


^ In tests where transfer occurred following wear, wear is tabulated first and the amount of transfer is followed by a “T”. 
^ Test 12 had two different distinct wear modes occur at two different areas of the blade tip. 
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TABLE IVa 

TASK I TEST CONDITIONS, WEAR AND DATA ANALYSIS RESULTS 










Peak 

Ave 

Max 

AvgQ 

Peak Q 


Test 

Bid 

Rub 

Rub 

Inc 

Seal 

Measured Wear 

Tot 

Tot 

Inter 

Into 

Into 

Heat 

No. 

Th 

Vel 

Dpt 

Rate 

Den 

Seal 

Blade'®' 

Engy 

Engy 

Temp 

Blade 

Blade 

Split 


( in ) 

(fps) 

(in) 

(ips) 

(%) 

(in) 

( in ) 

/ BTU>j 

/BTU\ 

(° F ) 

/btu \ 

/BTU\ 

(%) 









\Sec/ 

\Sec / 


[Sec/ 

\Sec / 


1 

.0700 

700 

.040 

0.0100 

19 

.0438 

.0034/ 

.0020 T 

1.42 

0.905 

1922 

0.031 

0.066 

3.4 

2 

.0210 

700 

.020 

0.0001 

19 

.0188 

.0015 

0.04 

0.012 

1762 

0.003 

0.019 

21.8 

3 

.0220 

500 

.020 

0.0100 

16 

.0156 

.0031 

1.72 

0..481 

2389 

0.026 

0.042 

5.4 

4 

.0685 

700 

.020 

0.0010 

16 

.0250 

.0002/ 

.0027 T 

1.40 

0.390 

1663 

0.017 

0.035 

4.2 

5 

.0685 

700 

.040 

0.0100 

19 

.0450 

,0004/ 

.0050 T 

1.30 

0.645 

1754 

0.029 

0.090 

4.4 

7 

.0690 

500 

.040 

G .0001 

16 

.0406 

.0002 

0.31 

0.137 

1947 

0.016 

0.045 

11.4 

8 

.0220 

700 

.040 

0.0100 

16 

.0438 

.0002/ 

. Q 060 T 

0.95 

0.626 

1922 

0.016 

0.031 

2.6 

9 

.0695 

500 

.020 

0.0100 

19 

.0110 

.0094 

1.83 

0.328 

2684 

0.076 

0.124 

23.2 

10 

.0205 

700 

.020 

0.0001 

19 

.0200 

.0023 

0.06 

0.006 

1073 

0.003 

0.009 

50.0 

11 

.0220 

500 

.040 

0.0010 

19 

.0470 

.0020/ 

.0055 T 

0.53 

0.222 

1596 

0.010 

0.107 

4.4 

12 

,0245 

500 

.040 

0.0100 

19 

.0298 

.0127/ 

1.12 

0.555 

3035 

0.034 

0.063 

6,1 


( b ) .0042 T 

.0060 .0310 


^ In tests where transfer occurred following wear, wear is tabulated first and the amount of tfansfer is followed by a “T”. 
^ Test 12 had two different distinct wear modes occur at two different areas of the blade tip. 
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TABLE V 

PYROMETER READINGS AND CALCULATED BULK TEMPERATURES 



Location 
30° From 
Rub Zone 


Location 
1 80° From Rub 
Zone 



Test 

Type of 
Optics 
Used 

Maximum 

Recorded 

Temperature^®^ 

Type of 
Optics 
Used 

Maximum 

Recorded 

Temperature(®^ 

Calculated Value 
Of Heat 
Conducted Into 
The Disk 

Calculated 
Bulk Temperature 
of Seal 
Debris 



°K(°F) 


*K (^F) 

kw 

(BTU/Sec) 

TTfp) 

1 

Silicon 

975 

Below 

(1300) 

Lead 

Sulfide 

790 (960) 

0.228 

(0.216) 

750 

(890) 

2 

Silicon 

975 

Below 

(1300) 

Lead 

Sulfide 

Below 
590 (600) 



3 

Silicon 

975 

Below 

(1300) 

Lead 

Sulfide 

660 (730) 

0.246 

(0.233) 

-11 

(-480) 

4 

Silicon 

975 

Below 

(1300) 

Lead 

Sulfide 

Below 
590 (600) 



5 

Lead 

Sulfide 

750 

Below 

(900) 

Lead 

Sulfide 

Below 
590 (600) 



7 

Lead 

Sulfide 

750 

Below 

(900) 

Lead 

Sulfide 

Below 
590 (600) 



8 

Lead 

Sulfide 

750 

Below 

(900) 

Lead 

Sulfide 

Below 
590 (600) 



9 

Lead 

Sulfide 

880 

(1130) 

Lead 

Sulfide 

690 (780) 

0.231 

(0.219) 

-2660 

(-5250) 

10 

Lead 

Sulfide 

750 

Below 

(900) 

Lead 

Sulfide 

Below 
590 (600) 



11 

Lead 

Sulfide 

750 

Below 

(900) 

Lead 

Sulfide 

Below 
590 (600) 



12 

Lead 

Sulfide 

750 

Below 

(900) 

Lead 

Sulfide 

Below 
590 (600) 



13 

Lead 

Sulfide 

750 

Below 

(900) 

Lead 

Sulfide 

Below 
590 (600) 




14 — 17 I^ro meters did not function properly. 


^ The values tabulated with the word “Below” are the lower threshold temperature limit of the pyrometer. 
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TABLE VI 


BASIC INDEPENDENT PARAMETERS AND THEIR NUMERICAL 
AND CODED VALUES 


Iiulcpeiidcnl Pnrainetei'S 

Level 

Coded Value 

Incursion Rate — niin/s 

.0025, .025, ,25 

-1, 0, +1 

(inch/sec) 

(.0001), (.0010), (.0100) 


Incursion Depth — mni 

.5. 1.0 

-1, +1 

(incJi) 

(.020), ( .040) 


Rub Velocity — nips 

152, 213 

-1, +1 

(ft/sec) 

(500), (700) 


Blade Thickness — inni 

.5, 1.8 

-1, +1 

(indi) 

(.02), ( .07) 


Abradable Density (%) 

16, 19 

1, +1 
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TABLE Vir 


REGRESSrOH EQlf ATION COEEHOEHrS 

y = A+Bj XjEB2X2-«',-4B-:X5 



"h 

Bie cdefflcLents demted hj as aacerfsfc f*> are statistically important at tlia 95% confidence level. 


*^Hre coefficients d^rtsoted By a geestion marfc C%) £te marginally important at tlie 95% ccsifidence level. 




TABLE Vila 

REGRESSION EQUATION COEFHCIENTS 
Y= A+Bj Xj+B 2 +• +B5 Xr 


Ayg Total 
Energy 
(BID/ Sec) 


{ Task I 



Constant 

(A) 

Incursion j 

Eate CBi) 

Incursion , 

Dei^th(B2) 

Talk Velocity 
(B3) 

Blade Thickncsd 

(B4) 

1 Abradafcle 3 

Density (B5) 1 


Peak Total I 

I Avg Heat 

Energy |i 

To Blade 

(BTU/Sec) 

(BTU/Sec) 


286 * < 
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TABLE VIII 


SIGNIFICANCE OF TERMS - % OF VARIATION ACCOUNTED FOR 
BY INDEPENDENT VARIABLE 


Controlled 

Avg of 

Energy, Temp and 
Wear Eqns'®^ 

Avg of 
Energy 
EqnsCa) 

Interface 

Tenro 

Eqn(a) 

Wear 

Number of 

Number of 

Variable 

Eqn 

34 


*‘s and ?'s 

Incursion 
Rate ( i ) 

46 

48 

50 

5 

6 

Incursion 







Depth ( 6 ) 

7 

9 

1 

6 

1 

1 

Rub 







Velocity (V) 

19 

12 

43 

25 

3 

3 

Blade 

Thickness C b ) 

16 ' 

22 

2 

6 

3 

* 

Abradable 
Density (p) 

11 ! 
L 

8 

4 

29 


1 


Expanded equations used for energy and Interface temperature 


Conclusion ; 

i - Very important 
V - Moderate importance 
b - " " 

5 - Low importance 

II II 


P 




TABLE IX 

TEST MATRIX FOR TASKS I AND III 


o 

' c 
o 
JZ 

5' 

Q 

3 

>* 

’o 

O 

0.5 

(0.020) 

1.0 

(0.040) 

H 

o 

-o 

CQ 

CQ 

•o 

CO 

Wm 

< 


0.0025 

(0.0001) 

0.025 

(0.001) 

0.25 

(0.010) 

0.0025 

(0.0001) 

0.025 

(0.001) 

0.25 

(0.010) 



152 

(500) 



© 




0.5 
(0 021 

XU 

‘ 213 

\ (700) 

i 






®ea 


19 

152 

(500) 


1 


i 

® ® 




213 

(700) 

® ® 







16 

152 

(500) 




© 



1.8 

(C\ 07^ 

1 U 

213 

(700) 


© 



(il] 


^U.U 

19 

152 

(500) 



© 



(ill 



213 

(700) 






®® 


NOTES; 

1. The numbers and letters encircled in the matrix are the test numbers. Numbers 1 through 12 are 
Task I tests. Numbers 13 through 17 are Task III tests. 

2. CZ^ ’s denote single 8-1-1 titanium blades; ’s denote single Incoloy 901 blades, 

’s denote multiple (3) 8-1-1 titanium blades. 


Rub Depth — mm (in) 
Incursion Rate — m/s (in/sec) 


* These tests were instrumented with a 
blade strain gage. 



TABLE X 


TASK III TEST CONDITIONS AND WEAR RESULTS 


Test 

No. 

Bid 






Measured Wear 

Vol Wear 

No. 

Bids 

Matl 

BldTh 

mm 

(in) 

Seal Den 

(%) 

Rub Vel 

m/s 

(ft/sec) 

Rub Dpt 
mm 
(in) 

Inc Rate 
mm/s 
(in /sec) 

Seal 

mm 

(in) 

Blade(a) 

mm 

(in) 

Ratio(b) 

(XIO-'*) 

13 

1 

Inco 901 

.48 

( .0190) 

16 

213 

(700) 

1.0 

( ,040) 

.25 

(.0100) 

1.161 
( .0457) 

.005 /.122 
(.0002/.0048T) 

0.08 

14 

3 

Ti 

.55 

( .0215) 

19 

152 

(500) 

1.0 

( .040) 

.25 

(.0100) 

.427 

( .0168) 

.502 

(.0198) 

.490 

(.0193) 

.470 

(.0185) 

66.4 

15 

1 

Inco 901 

1.70 

( .0670) 

16 

213 

(700) 

1.0 

( .040) 

.025 

(.0010) 

1.181 
( .0465) 

.002 /.1 12 
(.0001/.0044T) 

0.14 

16 

3 

Ti 

1.71 

( .0673) 

19 

152 

(500) 

1.0 

( .040) 

.25 

(.0100) 

.254 
( .0100) 

.752 

(.0296) 

.739 

(.0291) 

.638 

(.0251) 

508 

17 

1 

Inco 901 

1.68 

( .0660) 

19 

152 

(500) 

1.0 

( .040) 

.25 

(.0100) 

.206 
( .0081) 

.815 

(.0321) 

236 


Adjusted Blad^d 
Wear & Transfel^ S 

^ ^ 

(in) g 

.127 ^ 

(0.0050) 

1.572 

(0.0619) 


.119 

(0.0047) 

7.155 

(0.2817) 


2.692 

(0.1060) 


^ In tests where transfer occurred following wear, wear is tabulated first and the amount of transfer is followed by a “T”. 


^ Volume Wear Ratio (VWR) 


volume of blade wear 
volume of seal groove 



TABLE XI 


PERCENT OF DEBRIS PARTICLES FOUND WITHIN A GIVEN SIZE RANGE 


Particle Size Range 


Test 

5-10 /X 

0.2-0. 4 mils 

10-25/li 
0. 4-1.0 mils 

25-50/x 
1. 0-2.0 mils 

50-100^ 

1 2. 0-4.0 mils 

> 100^ 
>4.0 mils 

Total 


(%) 

(%) 

” (%T 

(%) 

(%) 

(%) 

13 

17,5 

26.0 

17.1 

28.3 

11.1 

100.0 

14 

42.1 

30.3 

13.8 

9.6 

4.3 

100.1 

15 

40.3 

35.0 

12.9 

10.7 

1.1 

100.0 

16 

59.7 

24.1 

9.5 

4.8 

2.0 

100.1 

17 

51.6 

29.6 

10.6 

6.5 

1.8 

100.1 
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TABLE Xn 


TASK III TEST CONDITIONS, WEAR AND DATA ANALYSIS RESULTS 


Test 

No. 

No. 

—Blade - 
Mat! 

Th 

(mm) 

Seal 

Den 

(%) 

Rub 

Vel 

(m/s) 

13 

1 

In CO 
901 

0.48 

16 

213 

14 

3 

Ti 

0.55 

19 

152 

15 

1 

Inco 

901 

1.70 

16 

213 

16 

3 

Ti 

1.71 

19 

152 

17 

1 

Inco 

1.68 

19 

152 


901 


Rub 

Inc 

Measured Wear 

Peak 

Tot 

Dpt 

Rate 

Seal 

Blade(2) 

Engy 

(mm) 

(mm/s) 

(mm) 

(mm) 

(kw) 

1.0 

0.25 

1.161 

.005/ 

0.89 

1.0 

0.25 

0.427 

.122T 

.503 

1.36 

1.0 

0.025 

1.181 

.490 

.470 

.002/ 

0.56 

1.0 

0.25 

0.254 

.112T 

.752 

2.59 

1.0 

0.25 

0.206 

.739 

.638 

.815 

2.31 


Avg 

Max 

Peak Q 

Avg Q 


Tot 

Inter 

Into 

Into 

Heat 

Engy 

Temp 

Blade 

Blade 

Split 

(kw) 

(°K) 

(kw) 

(kw) 

(%) 

0.589 

1083 

0.031 

0.017 

5.2 


0.896 

1690 

0.036 

0.019 

2.1 



0.042 

0.016 

1.8 



0.054 

0.018 

2.0) 

0.224 

990 

0.048 

0.012 

5.2 

1.006 

1792 

0.096 

0.060 

6.0 



0.146 

0.056 

5.5 



0.144 

0.057 

5.6 

0.920 

1443 

0.102 

0.059 

6.5 



5.9 


17.1 


^ In tests where transfer occurred following 


wear, wear is tabulated first and the amount of transfer is followed by a “T”. 
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TABLE XHa 

TASK III TEST CONDITIONS, WEAR AND DATA ANALYSIS RESULTS 












Peak 

Avg 

Max 

PeakQ 

AvgQ 


Test 


"Blade" 


Seal 

Rub 

Rub 

Inc 

Measured Wear 

Tot 

Tot 

Inter 

Into 

Into 

Heat 

No. 

No. 

Matl 

Th 

Den 

Vel 

Dpt 

Rate 

Seal 

Blade^*) 

Engy 

Engy 

Temp 

Blade 

Blade 

Split 




(in) 

(%) 

(fps) 

(in) 

(ips) 

(in) 

(in) 

fBTU\ 

/BTU\ 

(’^F) 

/BTU\ 

/BTU \ 

(%) 











VSec/ 

\ Sec/ 


\Sec ) 

VSec/ 


13 

1 

Inco 

.0190 

16 

700 

.040 

.0100 

.0457 

.0002/ 

0.84 

0.559 

1491 

0.029 

0.016 

5.2 



901 







.0048T 







14 

3 

Ti 

.0215 

19 

500 

.040 

.0100 

.0168 

.0198 

1.29 

0.850 

2583 

0.034 

0.018 

2.1 










.0193 




0.040 

0.015 

1.8 










.0185 




0.051 

0.017 

2.0 

15 

1 

Inco 

.0670 

16 

700 

.040 

.0010 

.0465 

.0001/ 

0.53 

0,212 

1323 

0.046 

0.011 

5.2 



901 







.0044T 







16 

3 

Ti 

.0673 

19 

500 

.040 

.0100 

.0100 

.0296 

2.46 

0.954 

2767 

0.091 

0.057 

6.0 










.0291 




0.139 

0.053 

5.5 










.0251 




0.137 

0.054 

5.6 

17 

1 

Inco 

.0660 

19 

500 

.040 

.0100 

.0081 

.0321 

2.19 

0.873 

2139 

0.097 

0.056 

6.S 


901 

^ In tests where transfer occurred following wear, wear is tabulated first and the amount of transfer is followed by a “T”. 
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17.1 



DiaGTNAi: r\oi 
DE POOR 01" 


f 'i^uri' 1. Tcsl A’/y Si-ru[> for Kuh /j/trci’ Test 


INSTRUMENTED 

BLADE 


ABRADABLE COATED 
DISN \ 


INCURSION 

RATE 


TABLE REVERSAL 
FOLLOWING INCURSION 
TO SPECIFIED 
DEPTH 


CARRIAGE 


PYROMETER 


T'iiturt 


SchctHiilic ( 



RUB TORQUE 


BLADE 


i 

tt 



Figures, Schematic of Rotor System 

0.2B mm 



Figure 4. Instrumented Rub Test Blade 
58 



1000 



I 


On 



Figure 6. Results of Convective Heat Transfer Coefficient E 
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ORIGINAD rAGF 13' 
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DKIGTNAC page is 

Ofi JPOOR QUALITY 



Tost 1 ( i - 0.2b mm/$ec, v - 213 mpt, 1) ■ 1,78 mm, S - 1.0 mm, p - m.» 



Ti<s» 2 ( i ■ 0.0025 mm./sec, v 213 mps, 5 0.53 mm, iS 0.5 mm, p - 19‘\, ) 



Tost 3 ( I - 0.25 mm/soc, w - 152 mps, b - 0,56 mm, (S - 0.5 mm, p - 16% ) 
l iMurr y l\-sr ( 'ross-scctK^ns of l\isk / l\ sf Scj/s ( M.if; 









• est a ( , = 0.025 mm/sec, v = 213 mps, b = 1.74 mm, fi = 0.5 mm, p 




I esi b u = 0.025 mm/sec. 




/■'ifiurc /(). 


/w Seals M/„,, ,.7/v, < 
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= 0.0025 mm/sec. v = 152 mos. b = 1.75 mm. 6 = 1.0 mm, p = 16% ) 


= 0.25 mm/sec, v = 213 mps, b = 0.56 mm, 5 = 1.0 mm, p = 16% ) 


Test 9 ( i = 0.25 mm/sec, v = 152 mps, b = 1.75 mm, S = 0.5 mm, p= 19%) 

I 'igurc I / Post Test Cross-sections of Task / Test Seals (Maft: 25x) 
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Test 10 { i = 0.0025 mm/sec. v = 213 mps. b = 0.52 mm, = 0.5 mm, p = 19% ) 


Test 1 1 


= 0.025 mm/sec, v = 152 mps, b - 0.56 mm, = 1.0 mm, p = 19% ) 


Test 12 ( i = 0.25 mm/sec, v = 152 mps, b = 0.61 mm, ^ = 1.0 mm, p = 19% ) 

/J. l\)si Tcsl (.'ross-scction'* i\l I usk I I csl i 25 \ I 





T«$l 9 ( i ■ 0.25 mm/i«c, * ■ 152 mpi, b 


Pholojiraphs ojHaslt'lloy X tibermctal Abradable Seals Showing Typieal Rub 
Surface Condition After Rub Interaction With /’H'.-l 1204 Blades. Note the 
smeared appearance and deep gmoves on the seal from Test 4 (Mag: lO.x) 
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Test 11 ( i - 0.025 mm/sec, v - 152 mps, b - 0.56 mm, iS - 1.0 mm, p - lO".. ) 


14 


I'ninsrcrsc Scciiitn 


niroi4>:li l\'st HLiJc til I Showm^ I'ranshr ( M.is 
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T«t 1 ( i - 0.26 mm/$*c, v - 213 mp$, b - 1.78mm. «S - 1.0mm. p - 19>V ) 






/'«>/> t\f Test filjJi' »/ Sliowin): TriWsh'r 




Test 9 


( i “ 0.25 mm/sec, v = 152 mps, b 


1.75 mm, 5 = 0.5 mm, p = 19% ) 


l-igun’ 1 6 


'frunsycrsi’ 

I.cjl :50x. 


Section Through TipoJ TW'A 1:04 Hliuic 
Top Right 1 0 .x, Hottottt lOO.x) 


from Test ^ (Mjg 


Top 


re 

Of ; 
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Test 12 ( i * 0.25 mm/s«c, * ■ 152 mpi, b * 0.61 mm, h * 1.0 mm, p ■ 19% ) 


Figure 1 7, Longitudinal Section Through Tip of FWA 1204 filade from Test 12 (Mag: lOOx} 
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Test 5 (i = .25 tntn/sec, v = 213 mps, h = 1,74 mm, 5 = 1.0 mm, p = 19%) 

Figure 2L Task [ Test 5 Data Reduction Results 
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normal rub force (N) 



NORMAL RUB FORCE (N) 




TOTAL HEAT LOAD 



NORMAL RUB FORCE (N) 





NORMAL RUB FORCE (N) 








q(l) 



CONSTANT 


♦ 

INTERFACE 
VELOCITY 
(B LADE WEAR 
RATE) 


INFINITE LENGTH 
T(«5ft) “TambIENT 


Figure 26, Model for Thermal Analysis of Blade 
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T. C. TEMPERATURE (°K) 













TEMPERATURE CYCLE TOTAL HEAT LOAD ON RUB ZONE (KW) 




CALCULATED VALUE OF DEPENDENT VARIABLE. 



Figure 32. Data Fit to Model Using Least Squares Criterion 
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Figure 36. Regression Analysis for Task I Peak Total Energy, Including Data from Expansion 
of 1.0 mm Tests 
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Figure 40. 
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Figure 45. Test Setup for Task ///, Multi-bladed Test 
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Test 13 (1, Ni, i =• 0.25 mm/sec, w * 213 mps, b » 0.48 mm, 6 * 1.0 mm, p * 16%) 


Test 14 ( 3, Ti, i = 0.25 mm/sec, v = 152 mps, b = 0.55 mm, 5 = 1.0 mm, p = 19% ) 


Test 15 ( 1, Ni, i = 0.025 mm/sec, v = 213 mps, b = 1.70 mm, 6 = 1.0 mm, p = 16% ) 

/ if’un’ 4f). ('ru.\s-sc( lions of Seals from I'ask HI Tests (Mag: 25.\) 
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= 0.25 mm/sec, v= 152 mps, b* 1.71 mm, 6 » 1.0 mm, p = 19%) 


Test 16 (3, Ti, 


Test 17 ( 1, Ni, i = 0.25 mm/sec, v = 152 mps, b = 1.68 mm, h = 1.0 mm, p = 19% I 


rifitne 47. Cross-sections of Seals from Task III Tests (Mae: J5.x) 
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Test 15 ( 1, Ni, i = 0.025 mm/sec, v » 213 mps, b = 1.70 mm, 6 = 1.0 mm. p * 16% ) 


Figure 4 Photograph Showing .l/).v(7/<r of Smearing and (Hazing on Seal Surfaee for 
Test 15 (Mag: W.x) 
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Test 13 ( 1, Ni, I - 0.25 mm/sec, v - 213 mps, b - 0.48 mm, .S - 1.0 mm, p - 16% ) 
/« '/ M/./v 



A 

Test 15 ( 1, Ni, i - 0.025 mm/sec, v - 213 mps. b - 1.70 mm, (S - 1.0 mm, p - 16% I 
t iiinrc >0. Ithuh' l\iih Siirfiu c tmm l\ sl (Mitii 100 \) 
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Test 13 ( 1, Ni, i * 0.25 mm/sec, w » 213 mps, b«0.48 mm, b “ 1.0 mm p “ 16%) 
f 'iiilirc >1. Scclions <>l Rccrysfitllizalion at the lilaJc Rtih Interface for Rest If (Man: 5()0\) 


w ■ 
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Test 17 ( 1, Ni, i - 0.25 mm/sec, v * 152 mps, b = 1.68 mm, fi = 1.0 mm, p “ 19 % ) 

l iliiire 52. Cross-seetion of IllaJe Jrom Test I 7 .Showinfi Decomposition of the Grain 
Structure (Mat;: lOO.x) 
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Test 14 (3, Ti, i = 0.25 mm/sec, w - 152 mps, b = 0.55 mm, 6 = 1.0 mm, p =19% 


l'if;urc lilaJe Tip */ from Test N (Man: 50.\) 







LTADING EDGr 





Test 14 (3, Ti, i = 0.25 mm/sec, v = 152 mps, b = 0.55 mm, 5 = 1.0 mm, p = 19%) 
Hilure 57. Blade Tip iid Jrnm Test 14 (Muk: 50x) 
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Test 14 ( 3, Ti, i ■ 0.25 mm/tec, v ” 152 mps, b •= 0.55 mm, 5 “ 1.0 mm, p * 19% ) 


l-'igure 58. Huns at Leading ( Left) and Trailing Edges ( Right) of Blade Tip from Test 1 4 
(Mag lOOx) 


Test 14 I 3, Ti, i * 0.25 mm/sec, v = 152 mps, b = 0.55 mm, 6 * 1.0 mm, p * 19%) 


Figure 59 . .1 Section of the Ruh Surface Where Mi.xing has Oceurred (Mag: 500.x) 







Test 14 I 3, Ti, i = 0.25 mm/sec, v = 152 mps, b =• 0.55 mm, 6 = 1.0 mm, p “ 19% I 


Figure 60. Photograph oj Blade Tip Showing Surface Layer of Titanium with Traces 
of llastello i \ for Test 14 (Mag: .^OOx} 
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Test 14 ( 3, Ti, i = 0.25 mm/sec, w = 152 mps, b = 0.55 mm, 6 = 1.0 mm, p = 19% ) 

Figure 61. Photomicrograph of the Ruhstrip for Test 14 Showing Dcnsification at the 
Ruh Surface (Mag: lOx) 
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LEADING EDGE 


Test 16 (3, Ti, i * 0.25 mm/sec, w = 152 mps, b 


I'igure 62. Blade Tip #/ from Test 16 (Mag; dOx) 
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I-igurc 63. Blade Tip #J from Test 16 (Mag: 30x) 
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Test 16 (3, Ti, i = 0.25 mm/sec, w = 152 mps, b = 1.71 mm, 6 » 1.0 mm, p * 19%) 


f igure 64. Hladc Tip ^3 from Test 16 (Ma^: .H).x) 
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Test 16 ( 3, Ti, i = 0.25 mm/sec, v = 152 mps, b * 1.71 mm, 6 * 1.0 mm, p * 19% ) 


Figure 65. Cross Section o) Blade from Test 1 6 Showing Burr at Leading Edge (Mag: lOOx) 



i = 0.25 mm/sec, v 


Fif>urc 6h. Plan l ie 


cd Striations 







Test 54 ( 3, Ti, i - 0.25 mm/sec. v « 152 mps, b * 0.55 mm, 6 = 1.0 mm, p » 19% ) 

Fifjurc f)7. Typical Particle of Riih Dchris from Test 14 (Mag: lOOOx) 


Test 14 (3, Ti, i = 0.25 mm/sec, w- 152 mps, b - 0.55 mm, 6 = 1.0 mm, p = 19% ) 


Tifdire 6<S. llastelloy A Ahradahle Seal Tiber Dislodged During Rub (Mag: lOOOx) 
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Test 16 (3, Ti, i = .25 mm/sec, v = 152 mps, b = 1.71 mm, 5 = 1.0 mm, p = 19%) 


Figure 75. Task HI Test 16 Strain Gauge Results 
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Figure 76. Comparison of Task III Data with Task / Model - Average Total Energy 
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Figure 77 . Comparison of Task HI Data with Task I Model — Peak Total Energy 
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Figure 78, Comparison of Task III Data with Task I Model — Average Heat to Blade 
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Figure 81. Comparison of Task 111 Data with Task I Model - Adjusted Blade Wear and 
Transfer 
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